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ABSTRACT 
RATIONAL DESIGN AND CHARACTERIZATION OF SOLUTION-
PROCESSABLE ORGANIC PHOTOVOLTAIC DEVICES: A STUDY OF BOTH 
ORGANIC AND INORGANIC ARCHITECTURES 
Wenting Li 
Cherie R. Kagan 
    In this dissertation we report the synthesis and photovoltaic characterization of a 
number of semiconducting polymers and colloidal inorganic nanomaterials and their 
implementation into organic solar cells with different architectures (Schottky single layer, 
bilayer heterojunction, and bulk heterojunction), with research emphasis on the 
mechanisms underlying material and device optimization, which sheds light on future  
material design for high efficiency solar cells and other organic electronic devices, such 
as organic light emitting diodes (OLEDs) and organic field effect transistors (OFETs). 
In the first part, the synthesis, characterization, and photovoltaic applications of a new 
conjugated copolymer (C12DPP-π-BT) are reported. The energy levels of C12DPP-π-BT 
were designed to be intermediate to those of popular electron donor and acceptor 
photovoltaic materials, P3HT and PCBM. The unique ambipolar nature of C12DPP-π-BT 
was then explored in two different photovoltaic systems where C12DPP-π-BT serves as 
either an electron donor or an acceptor when paired with PCBM or P3HT to form 
junctions with large built-in potentials. Optical, electrical, and structural characterization 
have been carried out to understand the photoinduced charge separation, charge carrier 
transport and recombination mechanism in different device configurations. The influence 
of polymers’ molecular weight and processing condition on device performance has also 
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been explored. In addition, preliminary studies of OLED and OFET application of the 
C12DPP-π-BT have been carried out. 
    In the second part, the synthesis, surface ligand treatment and photovoltaic application 
of inorganic PbSe and CdSe nanocrystals have been investigated. In Chapter 3, 
photoluminescence quenching, current-voltage characterization and electrochemical 
measurements have been used to study the mechanism of photoinduced charge transfer 
between PbSe and P3HT, which confirmed material incompatibility and suggested new 
directions for the design of inorganic material as electron acceptor. In Chapter 4, the 
photovoltaic application of thiocyanate capped CdSe nanocrystals in combination with 
P3HT in bilayer hybrid devices has been explored. Important factors such as nanocrystal 
size and bilayer interfacial mixing on the device performance have been investigated and 
discussed. Bilayer solar cells with ligand exchanged CdSe nanocrystals and P3HT 
achieved 1.3% power conversion efficiency with good tunability in performance 
parameters and promising optimization potential. 
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Introduction 
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1.1 A Brief Historic Review of Solar Cells Technology 
    Currently, traditional fossil fuels dominate the world energy consumption market with 
a majority stake over 80%.1 Due to the unsustainable nature of oil/gas/coal exploration 
and the rapidly increasing demands for energy, we are facing the challenge to find a 
renewable, environmentally friendly energy source to sustain the growth in population 
and maintain the development of civilization. Among various alterative renewable energy 
resources, such as solar energy, wind energy, geothermal energy, biomass, hydropower 
and ocean energy, solar energy is the most abundant resource.2 Approximately 120,000 
terawatts (TW) of solar energy reaches the earth’s surface each day, far exceeding the 
current total worldwide energy consumption (~16 TW). If solar energy could be utilized 
efficiently (>10% power conversion efficiency) with low cost technologies, it may 
provide us the ultimate way to resolve the energy challenge. 
In 1839, Becquerel discovered the photovoltaic effect.3 He observed the generation of 
photocurrent when silver chloride (or silver bromide) coated platinum electrodes were 
illuminated in aqueous solution. After that, scientific interests mainly focused on the 
photoconductivity of materials and photocurrent conversion mechanism4-6 until the late 
1950s. In 1954, Chapin et al., successfully fabricated a photovoltaic device with 6% 
energy conversion efficiency, which marked the beginning of developing  silicon-based 
solar cells for industrial application.7 Silicon solar cell technology advanced rapidly with 
emerging technologies such as multicrystalline, microcrystalline, and amorphous silicon, 
and the silicon based solar cells have reached high power conversion efficiency over 20%. 
Today, silicon solar modules are by far the dominating photovoltaic devices, which 
account for more than 80% share of the photovoltaic market.8 However, the high material 
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and production costs and the fragile nature of the silicon modules greatly limit their 
potential for large scale commercialization and market adoption to compete with 
traditional fossil fuels. In contrast, organic solar cells are receiving increasing attention as 
one of the promising candidates for future affordable energy due to their advantages of 
easily tunable properties, low cost, low temperature processing techniques, and the ability 
to be incorporated into flexible substrates such as plastic, paper or cloth. Later in this 
chapter we will briefly review the development of organic solar cells and three types of 
devices with different active layers geometry – single layer, bi-layer and bulk 
heterojunction. 
 
1.2 Basic Concepts of Organic Solar Cells     
1.2.1 Working principle 
    Before introducing the development of organic solar cells, the basic working principles 
and design criteria are briefly discussed in this section. Organic heterojunction solar cells 
will be used to illustrate the basic concepts. For organic semiconductors, absorption of 
light excites the electron from the valence band into the conduction band, generating a 
coulombically bound pair of an electron and a hole, called an "exciton", which can only 
be separated by energies much larger than kT at room temperature9, or in the presence of 
large electric fields. There are four fundamental steps involved in the “light – electricity” 
power conversion process. (Figure 1.1) 
(1) Absorption of light and generation of excitons 
(2) Exciton diffusion  
(3) Exciton separation to the opposite charges at the interface 
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(4) Charge transport and charge collection  
 
Figure 1.1. Schematic of the working principle of an organic photovoltaic cell (a) 
illustration of the 4 steps of energy conversion - 1) exciton generation, 2) exciton 
diffusion, 3) exciton separation, and 4) charge transport and collection; (b) energy band 
diagram showing an effective photoinduced charge separation and transfer. Filled circles 
represent electrons, and open circles represent holes. Green dotted lines represent the 
situation when the donor absorbs light and generates an exciton, while orange lines 
represent a similar charge generation process when the acceptor is photoexcited instead 
of the donor. In practice, an exciton can often be generated in both components. 
 
    Next, we will discuss the mechanism for each step and their design criteria: 
    (1) Upon illumination, photons with energy higher than optical bandgap (Eg) are 
absorbed by the active layer materials, exciting the electron from the highest occupied 
molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). 
Absorbed photons then thermalize and release the excess energy via non-radiative decay. 
The photoexcitation results in a coulombically bound pair of electron-hole (a mobile 
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excited state, called an “exciton”) rather than a free electron–hole pair. This occurs due to 
2 reasons: 1) the attractive Coulomb interaction is strong due to the typically low 
dielectric constant of organic material and 2) the weak non-covalent electronic 
interactions between organic molecules results in a narrow bandwidth and a localized 
electron (hole) wave function around its conjugate hole (electron)10. Therefore, the 
photoexcitation generates a tightly bound electron-hole pair in organic materials (Frenkel 
exciton).   
    Design Criteria: Maximizing solar absorption. The absorption spectrum of the active 
layer should collect a large portion of the solar emission spectrum (Figure 1.2). Over 50% 
of solar energy lies in the red and NIR region while widely used organic semiconductors 
have absorption limited in the visible portion, causing large transmission loss. Strategies 
for maximizing solar absorption include: 1) chemically modifying and extending the 
effective conjugation of polymers or small organic molecules to red-shift the absorbance; 
2) synthesizing nanocrystals with NIR absorption, such as PbSe; 3) fabricating multi-
layer tandem devices to maximize the overall device absorption. 
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 Figure 1.2. The solar radiation spectrum (Image courtesy of Lawrence Berkeley National 
Lab) 
 
    (2) The formed exciton diffuses to the interface between donor (p-type) and acceptor 
(n-type) where the electron-hole pair may be dissociated by a driving force (potential 
drop). The lifetime of an exciton is very short, and the exciton diffusion length is usually 
around 10-20 nm in organic material11, 12. 
    Design Criteria: To ensure effective diffusion of exciton to the p-n interface, the 
material should be nano-engineered to have an intertwined structure with large interface. 
Micro-scale phase separation should generally be avoided and the distance between p-n 
junctions should be controlled to be less than 20 nm to allow the exciton to diffuse to the 
interface from the bulk component to get dissociated. 
(3) At the interface, excitons are separated into holes and electrons and then driven 
towards different electrodes due to the potential drop (LUMO or HOMO offset) between 
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donor and acceptor materials, the photoinduced chemical potential energy gradient of 
electrons and holes, and the electrical potential energy difference provided by the 
asymmetrical ionization energy/work function of the electrodes. If the donor is 
photoexcited, the electron transfers from the LUMO of donor material to the LUMO of 
acceptor material which is energetically more favorable. If excitons are generated in the 
bulk of the acceptor upon illumination, holes will transfer from the HOMO of acceptor to 
the HOMO of donor. (Figure 1.3 (a)). 
 
 
Figure 1.3. Schematic of type II and type I heterostructure (Details of band bending and 
discontinuity at the interfaces are omitted here for simplicity)
 
 
    Design Criteria: A type II heterostructure is required for electrons and holes to be 
separated and transported into different phases to avoid charge recombination. As shown 
in Figure 1.3(b), if the electronic energy levels of two materials form a straddling gap 
rather than staggered gap, it results in a type I heterojunction, in which both electrons and 
holes tend to flow in the same direction (to the material with smaller bandgap) and 
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significantly increase the probability of charge recombination. Type I alignment is 
preferred for organic light-emitting diodes (OLEDs), which requires electrons and holes 
to move towards the same direction (emissive material). The recombination forms an 
exciton and the decay of the exciton (excited state) results in a relaxation of the energy 
levels of the electron accompanied by light emission. The working principle of solar cells 
(light-harvesting) is basically the reverse of the working principle of OLED (light-
emitting). In the solar cell configuration, the presence of radiative and non-radiative 
recombination losses significantly decreases solar cell efficiency, which should be 
avoided for the solar cell devices design. 
    (4) After exciton dissociation at the interface, charges (electrons and holes) transport 
through percolation networks of different components or via hopping from site to site and 
eventually get collected at opposite electrodes.  
    Design Criteria: improve charge mobility and collection at the electrodes. Organic 
semiconductors typically have low mobility as compared to inorganic crystalline silicon13, 
14
. Tailoring the chemistry and structure of both donor and acceptor material to increase 
the charge mobility is critical to enhance the performance of PV device. The choice of 
electrodes should contain one transparent electrode, allowing maximum light pass-
through and one counter metallic electrode reflecting light back into the active layer. The 
difference between two electrodes’ workfunctions will assist the potential drop created by 
the active layer interface to drive holes and electrons to move towards opposite electrodes 
and get collected. 
    In summary, bulk heterojunction solar cell architecture requires the donor and acceptor 
materials to be tailored to provide: 1) strong and broad absorption of solar radiation, 2) a 
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staggered type II energy level structure to drive charge separation, 3) fine nano-structured 
mixture morphology to avoid charge recombination and 4) high hole and electron 
mobilities in the bulk and asymmetrical electrodes for facile charge transport and 
collection. 
 
  1.2.2 Device Layout 
    Organic solar cells are typically fabricated in a sandwich geometry, which is also 
called vertical structure (Figure 1.4(a)) since current transport direction is perpendicular 
to the device substrate. Transparent glass or plastic are generally used as the substance. 
Indium tin oxide (ITO) is sputtered on the substrate and works as the bottom electrode 
because of its high optical transparency, good electrical conductivity and high work 
function. Due to the low abundance of indium and high cost of ITO, there are many 
research efforts to develop low cost alternatives, such as conducting polymers and carbon 
nanotubes. On the ITO glass, a conducting polymer mixture, Poly(3,4-
ethylenedioxythiophene) : poly(styrenesulfonate) (PEDOT:PSS) is often used to coat the 
ITO by spincasting from an aqueous solution. PEDOT:PSS smoothens the rough ITO 
surface to reduce the probability of shorts and serves as a hole extraction layer because of 
its high work function (5.1eV±0.2eV).15 The chemical structure of PEDOT:PSS is shown 
in Figure 1.4(b). Recent research effort involves improvement of the conductivity or 
modification of work function of PEDOT:PSS by using additives or modifying the 
functional groups of this polymer blend. The middle active layer can be deposited from 
solution or via vacuum deposition. Finally, on the active layer, a top electrode consisted 
of a low work function metal (Aluminum or Calcium) with an ultra-thin layer (0.6-1nm) 
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of lithium fluoride (LiF) is deposited by vacuum thermal evaporation. The inserted LiF 
lowers the work function of Al and serves as an electron extraction layer16.  
 
 
Figure 1.4. (a) Schematic of an organic solar cell device (b) the chemical structure of 
PEDOT:PSS (c-e) different solar cell device layouts: categorized by the architecture of 
the active layer. There are three configurations: (c) single layer (d) bilayer heterojunction 
and (e) bulk heterojunction.
 
 
    Based on the morphology and number of components in the active layer, there are 
three basic device architectures: 1) single layer - one active component, 2) bilayer - two 
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active components (p-type and n-type) sequentially deposited, stacking on top of each 
other, and 3) bulk heterojunction - two active components (p-type and n-type) co-
deposited as a mixture. (Figure 1.4 (c-e)) Their main differences lie in exciton 
dissociation and subsequent charge transport locations. As we previously discussed in the 
working principle section, the exciton dissociation/charge separation process is critical 
for the design of efficient solar cell devices. So here we will extend the concepts to these 
three architectures and briefly discuss their advantages and disadvantages. 
(1) Single layer photovoltaic devices  
The single layer organic solar cell is one of the earliest developed structures in organic 
photovoltaics history. It has the simplest configuration which is composed of, from the 
bottom to the top, ITO (or thin semi-transparent metal)/photoactive semiconducting 
material/metal. Upon illumination, the middle active layer absorbs photons and generates 
excitons. The excitons diffuse to the interface between semiconductor and metal 
electrode and get dissociated there. As shown in Figure 1.5, the potential drop and band 
bending creates a depletion region (w) near the contact interface providing the separation 
force for the exciton and driving the electrons towards the more energetically favorable 
low work function electrode. The difference of work function between the two electrodes 
builds up an electric field in the organic layer, assisting the charge separation and 
collection process. This metal-semiconductor interface with rectifying characteristics is 
called Schottky barrier; therefore devices based on this type of junction are also called 
Schottky solar cells. 
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Figure 1.5. Schematic of energy band diagram for a single layer solar cell. Schottky 
device with p-type semiconductor and aluminum electrode is used for illustration. Green 
filled circle represents electrons and green hollow circle represents holes. 
 
    Advantages and disadvantages: this type of devices is relatively easy to fabricate with 
low production cost. Many materials, such as semiconducting polymers, small organic 
molecules and colloidal inorganic nanocrystals can be used as the active layer material.17, 
18
 However, there are 4 main disadvantages: 1) as we previously discussed, the exciton 
diffusion length is shorter than 20nm, so that only excitons close to the interface can get 
dissociated and contribute to the photocurrent (exciton diffusion limited); 2) interfacial 
area is typically small; 3) the potential drop at the semiconductor-metal interface is not 
always sufficient to break the excitons; and 4) charge recombination probability is high 
because both electrons and holes transport within the single material. All these factors 
reduce the device efficiency.  
(2) Bilayer heterojunction photovoltaic devices  
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    In bilayer heterojunction devices, two active components (p-type and n-type 
semiconductor) are sequentially deposited between the electrodes. Both layers can absorb 
light and generate excitons. To promote effective exciton dissociation, a sharp potential 
drop at the donor (p-type) - acceptor (n-type) interface is created by choosing one 
component with high HOMO and LUMO and the other component with low HOMO and 
LUMO to form a type II heterojunction. Excitons diffuse to such interface and dissociate 
into opposite charges. (Figure 1.6) 
 
Figure 1.6. Schematic of energy band diagram for a bilayer layer solar cell. (Exciton 
generated in p-type semiconductor is used for illustration.) Green filled circle represents 
electrons and green hollow circle represents holes. 
 
    Advantages and disadvantages: compared with single layer devices, bilayer devices are 
more advanced because of 2 reasons: 1) electrons and holes can travel in different 
components after separation, which decreases the charge recombination probability; 2) 
two components can be carefully chosen to maximize total light absorption and to create 
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a large potential drop at p-n interface to promote more effective charge separation. 
However, such design still suffers from limited interfacial area and short exciton 
diffusion distance, both of which reduce the efficiency of exciton separation in the 
devices. 
(3) Bulk heterojunction (BHJ) photovoltaic devices  
    In BHJ devices, two active components (p-type and n-type semiconductor) are mixed 
and co-deposited between the electrodes. The working mechanism is very similar to the  
bilayer heterojunction. (Same as shown in Figure 1.6) The main difference is that the 
donor and acceptor materials are intimately mixed; therefore, the heterojunctions are 
present at much larger areas within the bulk.  
    Advantages and disadvantages: compared with bilayer layer device, bulk 
heterojunction devices have several distinct advantages: 1) theoretically the 
donor/acceptor phase separation can be controlled within 10-20 nm scale so that most 
excitons are able to diffuse to the interface and get separated; 2) very large interfacial 
area; 3) without the exciton diffusion limitation, the thickness of bulk heterojunction 
devices can be increased to maximize light absorption. However, this type of devices 
requires fine control of mixing morphology at nanoscale level. In the ideal structure, the 
two components (donor and acceptor phases) need to form interpenetrating and 
bicontinuous percolation path for both holes and electrons to transport separately towards 
different electrodes. Phase separation of donor and acceptor materials and the presence of 
recombination sites cause reduction of device performance.  
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1.2.3 Device Performance Measurements and Performance Parameters 
    To make organic solar cell an affordable alternative to traditional fossil fuels, energy 
conversion efficiency is one of the most important parameter for solar cells besides cost 
consideration. The performance of a solar cell is measured by current-voltage (I-V) 
characterization. For measurement, the device is connected with a source-meter and 
current density is recorded against applied voltage in the dark and under illumination 
from a solar simulator. The standard light source adopted in solar cell research to 
measure device power conversion efficiency is Air mass 1.5 global (AM 1.5G) 
illumination (1 sun, 100 mW/cm2), which mimics the sun light reached on the earth’s 
surface at an incident angle of 48.2° at sea level. Figure 1.7 illustrates the I-V curves for a 
typical solar cell device. When operated in the dark, it behaves like diode with almost no 
current in the reverse bias (negative voltage) direction and turned on in the forward bias 
direction, where current density increases substantially. When operated under 
illumination, the solar cell device generates power in the fourth quadrant of the I-V curve. 
(Figure 1.7 (b)) Open circuit voltage (Voc) and short circuit current (Isc) are determined at 
intersections of x and y axes, respectively. Voc is the voltage across the cell under 
illumination with no current (an open circuit) , which is the maximum possible voltage of 
the solar cell. Isc is the current under illumination with no external resistance (short 
circuited), which is the maximum possible current that the solar cell can produce. The 
product of I and V (I*V) at any point on the curve equals the output power. The current 
and voltage that allow the maximum output power (Pout) are called Imax and Vmax. The 
ratio of Pout and Isc*Voc is defined as fill factor (FF). The overall energy conversion 
efficiency is calculated by the following equation: 
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where Pout is the maximal output power of device under illumination, Pin is the input light 
power measured in mW/cm2, Voc is the open circuit voltage measured in V, and Isc is the 
short circuit voltage measured in mA/cm2.  
 
 
Figure 1.7. I-V characteristic curves of a solar cell (a) in dark and (b) under illumination. 
The square represents Pout - the largest product of V*I. (Note: the solar cell device 
generates power in the fourth quadrant (IV). In the third quadrant (III), the illuminated 
device works as a photo-detector, consuming power to generate light-dependent 
photocurrent. In the first quadrant (I), the device also consumes power, entering light-
emitting-diode operating region.) 
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    To maximize the device performance, all three critical parameters (Voc, Isc, and FF) 
shall be optimized. The origin of Voc is still under much debate 19-21 and the Voc may be 
affected by many factors, such as energy levels of materials, charge recombination and 
electrode contacts. However, a generally accepted hypothesis is that the Voc is positively 
correlated with the difference between HOMO level of the donor and LUMO level of the 
acceptor.19, 22 Therefore, using a donor material with low lying HOMO and/or using an 
acceptor material with high lying LUMO will in principle increase the Voc. Isc measures 
the device's ability to convert photons to photocurrent. It can be improved by several 
strategies: 1) reducing optical bandgap and increasing absorption wavelength into the red 
and NIR region by extending effective conjugation length of organic 
molecules/polymers23 or, in the case of nanocrystals, by adjusting quantum confined 
property24; 2) increasing the interfacial area to ensure that more excitons can reach the 
interface for dissociation25, 3) optimizing energy levels of donor and acceptor to achieve 
efficient charge separation. It is estimated that the energy difference between the LUMO 
levels of donor and acceptor should be generally larger than 0.3 eV (the exciton binding 
energy in the donor polymer) for efficient charge separation19, 26, 4) using materials with 
high mobility and bi-continuous percolation pathways to facilitate electron and hole 
transport and reduce charge recombination.27, 28  
    Besides Voc and Isc, fill factor (FF) is another important parameter to determine the 
device efficiency. It measures the "squareness" of the I-V curve and reflects the internal 
loss of generated photocurrent for realistic solar cells. The shape of the I-V curve is 
affected by equivalent series resistance (Rs) and shunt (parallel) resistance (Rsh) between 
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the two electrodes. The current flow (I-V relationship) for this equivalent circuit can be 
described as 
0
( ){exp[ ] 1} (3)s ssc
sh
e V IR V IRI I I
nkT R
− −
= − ⋅ − −  
where I0 = reverse saturation current, e = elementary charge, n = diode ideality factor (1 
for the ideal diode), k = Boltzmann's constant, T =  absolute temperature, Rs = series 
resistance, and Rsh = shunt resistance. 
  The corresponding equivalent circuit is shown in Figure 1.8 (a). As depicted in Figure 
1.8 (b,c), the high fill factor is achieved by reducing the equivalent series resistance (Rs) 
and increasing shunt (parallel) resistance (Rsh). The series resistance (Rs) is determined 
by the bulk resistance of active material and contact resistance between each layer to the 
current flow. Shunt resistance (Rsh) is a measurement of leakage current between the two 
electrodes, which is affected by the impurities and defects in the active semiconductor 
layer. Therefore, FF can be optimized by controlling the stacking/blending morphology 
of each component, modifying interface contact and thickness of each layer and reducing 
material/fabrication defects29-31. 
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Figure 1.8. (a) Equivalent circuit for organic solar cells. The serial resistance represents 
the bulk resistivity of each layer and the contact resistivity, while the shunt resistivity Rsh 
represents all the factors that influence shunts. And Iph and Idk represent photocurrent and 
dark current, respectively. (b,c) I-V characteristic curve of a solar cell showing effects of 
(b) decreasing series resistance (Rs), and (c) increasing shunt (parallel) resistance (Rsh). 
Rs is estimated from the I-V curve inverse slope at large forward voltage and Rsh is 
estimated from I-V curve inverse slope at zero forward voltage. 
 
1.2.4 An introduction to Organic Solar Cells 
    Based on the materials of active layer, there are three main types of organic solar cells: 
1) small organic molecule solar cells, 2) polymer solar cells – devices typically consisting 
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of conjugated polymers and fullerene derivatives, such as [6,6]-Phenyl-C61-butyric acid 
methyl ester (PCBM), and 3) hybrid solar cells – devices typically consisting of 
conjugated polymers and inorganic nanomaterials. 
(1) Small organic molecule solar cells 
    The small organic molecule solar cell is one of the earliest types in organic 
photovoltaics research history (Figure 1.9). In 1975, Tang reported the first small organic 
molecule solar cells with chlorophyll a as the active component.32 It was a single layer 
device exhibiting 0.001% efficiency. Later, metal phthalocyanine (Pc) complexes and 
merocyanine dye were used which  improved device efficiency to 0.7%.33 However, the 
single layer devices suffered from low charge separation efficiency and high 
recombination loss as discussed in section 1.2.2. So researchers shifted their focus to the 
development of bilayer planar heterojunction devices. In 1986, the first bilayer device 
was reported using Cu-phthalocyanine as donor and perylene-3,4,9,10-bis(benzimidazole) 
as acceptor, which achieved an efficiency of 0.95%.34 To improve the charge transport 
and utilize incident light more efficiently, Leo and Maenning introduced a new device 
layout called "p-i-n", where p, i and n stand for a p-type semiconductor, an intrinsic 
absorber and a n-type semiconductor.35 The p and n type materials are typically wide 
bandgap doped semiconductors and serve as transport layers exclusively for holes or 
electrons. The intrinsic layer is typically a bilayer or bulk heterojunction (blends) of two 
highly absorbing materials and only this layer absorbs visible light (the device structure is 
shown in Figure 1.9). The relative position of middle absorber can be optimized to form 
an optical interference pattern to enhance light absorbance in the photoactive region to 
have better light utilization and also reduce recombination loss at contacts. Based on this 
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p-i-n structure, Maenning reported a device efficiency of 1.9%, which represents a great 
improvement of the energy conversion efficiency of small organic molecule solar cells.35 
 
 
Figure 1.9. Chemical structures of commonly used small organic molecule materials 
for solar cells. The last schematic picture showing p-i-n structure is adapted from 
reference [34]. The black arrows show the light path including reflection at back 
electrode. The dotted lines represent the light intensity. 
 
(2) Polymer solar cells 
  Many of the bilayer small molecule solar cells previously discussed are fabricated by 
vacuum deposition which incurs high fabrication cost. In contrast, semiconducting 
polymers possess the distinct advantage of solution processability and can be easily 
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coated on the plastic for flexible solar cells. The widely used conjugated polymers have 
excellent solubility in common solvents such as chloroform and chlorobenzene. However, 
the charge mobility in polymers is typically low and most polymers are dominantly p-
type, which makes it only suitable as the donor materials. Therefore, fullerene derivatives 
such as PCBM are generally used as electron acceptor in combination with these p-type 
conducting polymer to fabricate bulk heterojunction solar cells because of its high 
electron affinity and excellent electron mobility. As we discussed before, the morphology 
control of the blends is critical. Many research efforts focuses on fine-tuning the 
processing conditions, such as adjusting the solvents, additives, and annealing conditions 
to optimize the phase separation to form the interpenetrating, and bicontinuous 
percolation path for both holes and electrons16, 25, 36-40. The first application of fullerenes 
as the acceptor material in solar cells was reported by Sariciftci and Heeger in 1992 using 
Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV)41, after which 
extensive research was conducted using MEH-PPV and other alternative polymers such 
as Poly[2-methoxy-5-(3′,7′-dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV) 
and Poly(3-hexylthiophene-2,5-diyl) (P3HT) in combination with the fullerene derivative 
PCBM.42 Among the commercially available polymers, P3HT exhibits a high hole 
mobility and a relatively broad absorption spectrum and has received the most attention. 
Broad topics have been explored and discussed to improve device efficiency, such as 
molecular weight, Polydispersity index (PDI), regioregularity of P3HT, PCBM weight 
ratio, solvent choice, annealing time and annealing temperature. The highest reported 
efficiency is 6.53% by Lee and Park43. However, the average efficiency of all reported 
value is only 3% based on a survey of results44 from  388 publications in 2010, with a 
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wide spread from 0.1% to 5.5% due to the complexity of the polymer chemistry and 
device engineering. P3HT and PCBM are still the most attractive materials commercially 
available and continue to receive extensive research attention. In the last few years, a new 
strategy utilizing donor-acceptor copolymers to synthesize more conjugated, lower band 
gap polymers with extended overlap with the solar spectrum has been developed 
rapidly.45-47 For example, an impressive device efficiency of 6.1% has been achieved 
with the alternating co-polymer, poly[N-9''-hepta-decanyl-2,7-carbazole-alt-5,5-(4',7'-di-
2-thienyl-2',1',3'-benzothiadiazole) (PCDTBT) in the bulk heterojunction structure with 
PC71BM.48 Figure 1.10 summarizes the commonly used p-type and n-type materials for 
polymer solar cell applications. 
 
Figure 1.10. Chemical structures of commonly used commercial available p-type (P3HT, 
MEH-PPV, MDMO-PPV) and n-type (PCBM) material for polymer solar cells and the 
recently developed donor-acceptor copolymers PCDTBT (p-type). 
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(3) Hybrid solar cells 
  Organic-inorganic hybrid bulk heterojunction solar cells are considered to be one of 
the most promising candidates for the development of high efficiency photovoltaic 
devices due to their excellent morphological, optical and electrical property control of the 
inorganic components38, 49-52. Compared to the polymer solar cells, the electron acceptor 
material PCBM is replaced by inorganic nanomaterials, since PCBM contributes very 
little to light absorption and exciton generation despite its good electron transport 
properties and fast charge transfer when in combination with polymers. In contrast, 
inorganic colloidal semiconductor nanocrystals display excellent quantum confinement 
and tunable optical properties with absorption covering a broad spectrum of light, in 
addition to potentially higher electron mobility53-56.  
  Many semiconductor nanocrystals, such as CdS, CdSe, CdTe, PbS, PbSe, Si, TiO2, and 
ZnO nanocrystals have been incorporated into efficient hybrid devices in conjunction 
with semiconducting polymers for hybrid solar cell fabrication37, 57-60. Lead chalcogenide 
nanocrystals exhibits extended absorption in the NIR region and cadmium chalcogenide 
nanocrystals have strong absorption covering the main visible region, which makes them 
two promising candidates. Also, the elongated structure of inorganic components at 10-
200 nm scale may provide an efficient percolation pathway for charge transport, such as 
nanorods38 and branched nanoparticle61. CdSe nanocrystals were the first inorganic 
nanocrystal to be applied into hybrid solar cells. In 1996, Greenham reported the first 
CdSe nanocrystals based devices in combination with MEH-PPV with 0.1% efficiency.57 
The main practical challenge for preparing hybrid devices lies in the ligands used in the 
wet-synthesis process of inorganic nanocrystal. In general, long ligands, such as oleate, 
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are widely used for nanocrystal synthesis to facilitate shape control and also stabilize the 
nanocrystal in the synthesis and in stock solutions to prevent aggregation and phase 
separation. However, this layer works as an insulating layer and hinders electron transfer 
upon incorporation into solar cells. Two strategies have been used to overcome these 
disadvantages: 1) ligand exchange process, which uses shorter ligand to replace the long 
chain ligand after synthesis and 2) synthesizing elongated nanocrystal so the electron can 
hop less before reaching the electrode, which reduces the loss in charge carrier transport. 
In 2002, Huyuh reported the incorporation of pyridine ligand exchanged CdSe nanorods 
into P3HT and greatly enhanced the efficiency to 1.7%, which was a successful 
demonstration of the strategies mentioned above38. Nowadays, research in the hybrid 
solar cell field has two focuses: 1) ligand exchange treatment of nanomaterials and 
incorporation of nanocrystals with different morphology and 2) synthesis of polymers 
with longer conjugation length to have a better absorption match with the solar spectrum 
and high charge mobility. 
 
Recent Developments and New Concepts 
    Besides the basic device layouts and materials discussed above, tandem solar cells 
become the most attractive candidate for organic photovoltaic device design, targeting 10-
15% power conversion efficiency, which is considered the threshold efficiency for 
commercialization. The concept of tandem device is to combine two or more single solar 
cells with complementary absorption to enhance photon utilization, and therefore increase 
the device efficiency. As shown in Figure 1.11(a), a typical tandem solar cell has two sub-
cells (heterojunction solar cells) stacking on top of each other with a highly transparent 
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intermediate layer (ultra thin metal, doped small molecule layers, metal oxides, metal 
carbonates or conducting polymer) in-between62-66. The two sub-cells have complementary 
absorption spectra so the light that is not absorbed by the bottom layer can be absorbed by 
the top layer (Figure 1.11 (a,b)). The two sub-cells are usually connected in series. As 
depicted in Figure 1.11(c), the function of the intermediate layer is to connect the top sub-
cell and bottom sub-cell while align the LUMO level of the acceptor of one device with the 
HOMO level of the donor of the other device and allow sufficient charge recombination to 
prevent sub-cells from charging. To date, the highest record for organic tandem solar cell is 
10.6%, reported by UCLA-Sumitomo Chemical, which utilized a new, infrared-absorbing 
polymer material provided by Sumitomo Chemical of Japan67.  
    Instead of stacking geometry, Tvingstedt et al. developed a novel geometrical 
modification of a tandem solar cell, described as "folded reflective tandem cell"68. As 
sketched in Figure 1.11(d), the sub-cells are folded and form a specific angle which directs 
the reflected light from one device towards the other. This design has a few advantages 
over the traditional stacked tandem device68: 1) longer light path due to the incident light 
angle 2) more absorption because of light trapping 3) relatively easier to fabricate tandem 
solar cells in series or parallel connection since the two sub-cells are more independent than 
the stacked device. 
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Figure 1.11. (a) Schematic of organic tandem solar cell device. (b) Complementary 
absorption spectra of top and bottom devices. (c) Energy diagram of sub-cells (d) 
schematic of "folded reflective tandem cell". 
 
1.3 Thesis Outline 
    In this thesis, a broad range of topics is covered from synthesis of colloidal inorganic 
nanomaterials and semiconducting polymers to material characterization and 
implementation into organic solar cells with different architectures (Schottky single layer, 
bilayer heterojunction, and bulk heterojunction), with research emphasis on the 
mechanism underlying material and device optimization, which sheds light on future  
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material design for high efficiency solar cells and other organic electronic devices, such 
as OFET and OLED. 
    Chapter 1 briefly reviewed the history of photovoltaic devices development and 
discussed the working principle, design criteria, and important concepts of the 
architecture of organic solar cells. 
    In Chapter 2, the synthesis, characterization, and implementation of a new 
diketopyrrolopyrrole-based polymer (C12DPP-π-BT) with energy levels located between 
those of commonly used electron donor and electron acceptor materials are reported, with 
the novel ambipolar property of C12DPP-π-BT demonstrated in solution-processable 
organic photovoltaic application. Next, the importance of molecular weight of polymer, 
the processing condition and their influence on device performance are explored. In 
addition, the photoinduced charge separation and recombination mechanism in different 
donor-acceptor system are studied to understand the device performance parameters. 
Finally, preliminary results of polymers in OLED application and ambipolar transistor 
application of polymer:PCBM blends are demonstrated. 
    Part of this Chapter has been published as: Li, W., Lee, T.; Oh, S.; Kagan, C. R., 
Diketopyrrolopyrrole-based π-bridged Donor-Acceptor Polymer for Photovoltaic 
Applications, ACS Appl. Mater. Interfaces 2011, 3, 3874. Dr. Taegweon Lee contributed 
to the synthesis of C12DPP-π-BT polymer, NMR spectra, and GPC analysis. Soong Ju 
Oh contributed to spatially resolved photoconductivity, intensity and electric field 
dependent photoconductivity measurements. Prof. Cherie Kagan contributed to many 
helpful experiments discussions and manuscript preparation.     
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    In Chapter 3, the synthesis and photovoltaic application of PbSe nanocrystals in 
combination with P3HT are explored. Photoluminescence quenching, current-voltage 
characterization and electrochemical measurements have been used to study the 
mechanism of photoinduced charge transfer between PbSe and P3HT. To remove long 
capping oleate ligands (insulating layer), both post-synthesis ligand exchange methods 
and direct synthesis of PbSe nanocrystal/nanowires in polymer P3HT solution without 
the use of oleic acid have been investigated. 
    In Chapter 4, the photovoltaic application of thiocyanate capped CdSe nanocrystals in 
combination with P3HT are demonstrated and the influences of factors such as 
nanocrystal size and bilayer interfacial mixing on the device performance have been 
explored. Currently, the reports about bilayer devices based on CdSe nanocrystals and 
organic material are very limited.  In our study, the size of the nanocrystals was tuned to 
take advantage of quantum confinement, to optimize the short circuit current and open 
circuit voltage. Our bilayer solar cell with ligand exchanged CdSe nanocrystals and 
P3HT demonstrate decent efficiency (1.3%) with good tunability and optimization 
potential. We also fabricated inverted bilayer solar cells with high work function 
electrode to improve air stability of the devices. Benjamin Diroll contributed to the 
preparation of CdSe nanocrystals. Dr. Aaron Fafarman contributed to the development of 
the CdSe ligand exchange method.   
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Chapter 2 
Diketopyrrolopyrrole-Based Polymer for Photovoltaic Applications - 
Functioning as Electron Donor with PCBM and Electron Acceptor with 
P3HT   
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2.1 Introduction 
    Organic photovoltaics (OPVs) continue to attract growing attention as candidates for 
the low-cost fabrication of high efficiency solar cells, to make future solar technology 
competitive with traditional energy resources1-6. The most promising and popular strategy 
is the design of bulk heterojunction (BHJ) OPVs with an active layer comprises a 
composite of a donor and an acceptor materials. The BHJ architecture requires the donor 
and acceptor materials to be tailored to provide: 1) strong and broad absorption of solar 
radiation, 2) a staggered energy level structure to drive charge separation, yet a large 
difference between the donor ionization energy and the acceptor electron affinity to 
maintain a large cell open circuit voltage, and 3) high hole and electron mobilities for 
facile charge collection. Here we adopted the strategy of designing a conjugated 
copolymer, which incorporates electron-rich donor and electron deficient acceptor 
segments that are linked by a bridging unit in the polymer backbone and applied it in the 
organic solar cell device. This structure provides an easy and efficient way to adjust the 
physical properties of the polymer by chemically modifying the donor, the acceptor 
and/or the linker group. Donor-acceptor copolymers are known for intrachain push-pull 
charge transfer, which has been used to synthesize more conjugated, lower band gap 
polymers having extended overlap with the solar spectrum3, 7, 8. However, materials with 
narrow bandgap sometimes suffer from low open circuit voltage (Voc) arising from the 
reduction of the built-in potential between the Highest Occupied Molecular Orbital 
(HOMO) levels of the donor and Lowest Unoccupied Molecular Orbital (LUMO) of the 
acceptor. Fortunately, it is possible to adjust the aromaticity of the polymer, for instance, 
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by adjusting the linker group, to balance polymer absorption and Voc to optimize OPV 
performance9, 10.  
    In this study, we have taken advantage of the recently developed diketopyrrolopyrrole 
(DPP) based polymer and designed a new conjugated copolymer (C12DPP-π-BT) 
containing the donor group bithiophene (BT) and the acceptor group 2,5-
didodecylpyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (C12DPP), bridged by a phenyl group 
(π). We chose electron rich bithiophene (BT) as the donor group because of its excellent 
electron donating ability and its electrochemical stability in PV devices11. For the choice 
of the acceptor group, the highly conjugated lactam planar structure of electron deficient 
diketopyrrolopyrrole (DPP) provides an idea building block, which results in strong π-π 
interactions for efficient charge transport. The first diketopyrrolopyrrole based polymer 
was reported by Yu9, 12 group at University of Chicago and developed further by Tieke13-
15
 group at University of Cologne. DPP has strong absorption in the visible spectrum and 
has been used as a donor material in the fabrication of BHJ OPVs in conjunction with 
PCBM1, 8, 16, 17. Its relatively low-lying HOMO and LUMO levels also make it a 
promising candidate as an acceptor material when blended with polymers possessing 
higher lying energy levels for application in hybrid solar cells18. To further optimize the 
energy levels, we chose a phenyl group instead of commonly used thiophene as the linker 
group to adjust the aromaticity to lower the HOMO level (to -5.4 eV) of the polymer. In 
addition, when the HOMO level lies well below the air oxidation threshold (-5.27 eV), it 
improves air stability19. We also introduce a dodecyl side group to increase the solubility 
of the polymer in common solvent systems to allow solution processability.  
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    According to the literature, DPP containing polymers are used almost exclusively as an 
electron donor in photovoltaics17, 20-23. Janssen recently reported the application of DPP 
as acceptor materials in organic photovoltaics with the highest power conversion 
efficiency of 0.31%18. In comparison, by choosing the donor/acceptor pair and adjusting 
the linker group, the balanced conjugated structure of C12DPP-π-BT and the suitable 
HOMO/LUMO levels intermediate to the common electron donor (P3HT) and the 
electron acceptor (PCBM), offers this polymer unique property, so it may serve as either 
an electron donor or acceptor in blends with different semiconducting components to 
form efficient OPV devices. In this chapter we will explore the application of C12DPP-π-
BT in OPV devices as well as OLED and transistor devices.  
 
 2.2 Experimental Section     
2.2.1 Synthesis  
    All experiments were performed under nitrogen atmosphere by standard Schlenk 
techniques. THF was freshly distilled from sodium benzophenone under N2 prior to use. 
After degassing with N2 for 30 min, Pd(PPh3)4 (0.058 g, 0.05 mmol) was added to a 
stirred toluene solution (5 mL) of 3,6-bis(4-bromophenyl)-2,5-didodecylpyrrolo[3,4-
c]pyrrole-1,4-dione (1, C12DPP-π-Br2) (0.39 g, 0.5 mmol) and 5,5′-bis(trimethylstannyl)-
2,2′-bithiophene (2) (0.25 g, 0.5 mmol). The reaction mixture was heated at 100 °C for 2 
days under nitrogen. The raw product was precipitated with methanol and collected by 
filtration. The precipitate was dissolved in chloroform and filtered with Florisil® 
Adsorbent for Chromatography 60-100 mesh to remove the metal catalyst and inorganic 
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impurities. The final product C12DPP-π-BT was obtained by precipitating in methanol 
and washing with hexanes. Yield: 86%. 1H NMR (CDCl3, 360 MHz): δ 0.86-0.88 (m, 6H, 
C-CH3), 1.14-1.20 (m, 36H, C-CH2), 1.58 (m, 4H, C-CH2), 3.74 (m, 4H, N-CH2), 6.98 (m, 
2H, Th), 7.16 (m, 2H, Th), 7.40 (d, 4H, Ph), 7.62 (d, 4H, Ph). Gel permeation 
chromatographic (GPC) analysis: number-average molecular weight (Mn)= 5.88×103 
g/mol, weight-average molecular weight (Mw) = 10.35×103 g/mol, and polydispersity 
index (PDI) = 1.76 (against polystyrene standard). A higher Mn polymer was prepared 
using the same procedure as described for low Mn C12DPP-π-BT, except that 
Pd2(dba)3/P(o-tolyl)3 was used instead of the Pd(PPh3)4 catalyst. Yield: 82%. GPC 
analysis: Mn = 12.36×103 g/mol, Mw = 17.68×103 g/mol, and PDI = 1.43 (against 
polystyrene standards). 
    All chemicals were purchased from Aldrich, Alfa Aesar, TCI, and used without 
further purification. Pd(PPh3)4,24 5,5′-bis(trimethylstannyl)-2,2′-bithiophene,25, 26 and 3,6-
Bis(4-bromophenyl)-2,5-didodecylpyrrolo[3,4-c]pyrrole-1,4-dione 127 were prepared 
according to literature procedures.  
2.2.2 Characterization  
    
1H NMR spectra were recorded with a Bruker Avance (360 MHz) spectrometer. 
Molecular weights and polydispersity indices (PDIs) of the polymers were determined by 
gel permeation chromatography (GPC) analysis with a polystyrene standards calibration. 
Cyclic voltammograms were obtained employing a three electrode C3 cell stand and 
Epsilon electrochemical workstation (Bioanalytical Systems, Inc.). 0.01 M 
tetrabutylammonium hexafluorophosphate (TBAPF6) was used as the supporting 
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electrolyte in acetonitrile. A platinum disk and platinum wire were selected as working 
and counter electrodes, respectively. A Ag/AgNO3 (non-aqueous) electrode was used as 
the reference electrode. The redox couple ferrocene/ferrocenium ion (Fc/Fc+) provided an 
external standard.  
    AFM (Atomic force microscopy) measurements were carried out using a Digital 
Instruments Multimode AFM operated in tapping mode. TEM (Transmission electron 
microscopy) images were obtained using a JEM-1400 (JEOL Ltd.).  
  Samples for both absorption and PL quenching experiments were made as spin-coated 
films of C12DPP-π-BT, P3HT, and C12DPP-π-BT:PCBM (weight ratio: 1:2) and 
C12DPP-π-BT:P3HT (weight ratio: 1:1) blends from chloroform solutions at 1500 rpm 
for 1 minute onto quartz substrates and annealed at 140°C for 20 minutes before 
measurement. Absorption spectra were measured using a Varian Cary 5000 UV-Vis-NIR 
spectrophotometer. Photoluminescence (PL) spectra were measured on a Fluorolog 3 
spectrofluorometer (HORIBA Jobin Yvon, Ltd.) upon excitation at 550 nm. 
    Sample preparation for XRD measurement: Si/SiO2 wafers were thoroughly cleaned by 
ultrasonication in acetone and isopropanol, rinsed with DI water, dried on a hot plate at 
180°C for 30 min, and finally treated by UV-ozone for 30 min. 50 µL of pure C12DPP-π-
BT solution (5 mg/mL), 50 µL of C12DPP-π-BT:PCBM blend solution (polymer: 
5mg/mL; PCBM 10 mg/mL) were drop-cast from chloroform on the pre-cleaned silicon 
wafers and allowed to dry, followed by annealing at 140 °C for 20 minutes. XRD were 
performed using monochromatic CuKα beam radiation (wavelength: 0.154 nm) from a 
Rigaku SmartLab at 40 kV and 30 mA. 
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  2.2.3 Fabrication and Characterization of Solar Cells  
    Polymer solar cells were fabricated on indium tin oxide (ITO) coated glass substrates 
(Delta Technologies, nominal coating thickness, 120-160 nm, sheet resistance, 5-15 
Ω/sq). The ITO on glass was first patterned by photolithography, thoroughly cleaned by 
ultrasonication in acetone and isopropanol, rinsed with DI water, dried on a hot plate at 
180°C for 30 min, and finally treated by UV-ozone for 30 min. A 40 nm film of poly(3,4-
ethylenedioxythiophene)/poly(styrene sulfonate) was deposited on the ITO by spin-
coating from an aqueous PEDOT:PSS dispersion (PEDOT:PSS, Baytron P VP AI4083) 
at 2000 rpm in air. The PEDOT:PSS film was dried at 180°C for 20 min inside the N2 
glovebox. Subsequent processing steps were carried out in the N2 glovebox. Either a 
C12DPP-π-BT:PCBM mixture (15mg/mL, weight ratio: 1:2) or a C12DPP-π-BT:P3HT 
(10mg/mL, weight ratio: 1:1) mixture was dissolved in chloroform, and in some cases 5 
wt% diiodooctane was added to the C12DPP-π-BT:PCBM mixture. The blend solution 
was deposited by spin-coating on top of the PEDOT:PSS layer at 1500 rpm for one 
minute and then annealed at 140 °C for 20 min. The devices were transferred into the 
vacuum evaporation chamber and kept there for three hours under vacuum (<10-6 Torr) 
prior to evaporating a back contact consisting of 1 nm LiF and 80 nm Al through shadow 
masks. The active device area of 9 mm2 is defined by the overlapping area of the back 
LiF/Al contact and the front, lithographically pre-patterned, transparent, ITO contact.  
  Current-voltage characteristics of the photovoltaic cells were acquired using a Keithley 
2400 source-meter under the illumination of AM 1.5G solar simulated light (1 sun, 100 
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mW/cm2, Oriel instruments Model 96000, Newport Co.) in air. A reference cell and 
meter (Model: 91150, Newport Co.) were used to calibrate the light intensity.   
    Spatially resolved measurements of solar cell short circuit current were collected for 
C12DPP-π-BT:PCBM (with and without the diiodooctane additive) and C12DPP-π-
BT:P3HT devices. 488 nm light from an Innova 70C Spectrum Ar:Kr laser was focused 
to a spot size of 0.4 µm using a modified Olympus BH2 microscope to illuminate devices 
through the transparent ITO contact. Devices were mounted on a piezo–controlled stage 
(Max 301, Thor Labs Nanomax) for photocurrent mapping. Local photocurrent data were 
acquired in 0.25 µm steps across 10 µm by 10 µm devices areas.  
2.2.4 Fabrication and Characterization of Field Effect Transistors 
    FET device on Si substrate: Highly doped N-type Si wafers (100) (ρ<0.01 Ω-cm) with 
250 nm thermally grown SiO2 were purchased from Si Inc. and served as the gate and 
gate dielectric layer of the field-effect transistors (FETs). Prior to device fabrication, the 
silicon wafers were cleaned by ultrasonication in acetone and isopropanol, rinsed with DI 
water, and subsequently dried on a hot plate at 100 °C for 5 min. The wafers were finally 
treated by UV-ozone for 20 min. The SiO2 wafer surface was modified by 
octadecyltrichlorosilane (OTS) by placing the substrates in a Petri dish with a few drops 
of OTS in a separate dish in a vacuum desiccator, which was then evacuated for 4 
minutes and placed on a hot plate at 120 °C for 3 hours. The wafers were thoroughly 
rinsed in isopropanol and then blown dry with N2. The polymer and polymer blend was 
dissolved in chloroform (polymer:7 mg mL− 1; polymer:PCBM 1:2 1:4 weight ratio), 
filtered through a 0.2 µm PTFE syringe filter, and then spun at 1500 rpm for 60 s on the 
OTS-treated SiO2/Si substrate. The devices were annealed at 140 °C for 20 minutes. 
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Finally, 20 nm Au source and drain electrodes were deposited by thermal evaporation 
through shadow masks to form top-contact, bottom-gate FETs with four different channel 
lengths (L): 30nm, 60nm, 90nm, and 120nm. The width to length ratio of the channels is 
20 for all the devices.  
    Current-voltage characteristics of the polymer FETs were acquired using an Agilent 
4156C semiconductor parameter analyzer in combination with a probe station mounted in 
a N2 filled glove box. 
2.2.5 Fabrication and Characterization of Organic Light Emitting Diode 
    Polymer LED were fabricated on thoroughly cleaned, and pre-patterned indium tin 
oxide (ITO) coated glass substrates (Delta Technologies, sheet resistance, 5-15 Ω/sq). A 
40 nm film of PEDOT:PSS film was deposited and dried at 180°C for 20 min inside the 
N2 glovebox. Subsequent processing steps were carried out in the N2 glovebox. C12DPP-
π-BT was dissolved in chloroform (5-7mg/mL). The polymer solution was deposited by 
spin-coating on top of the PEDOT:PSS layer at 1500 rpm for one minute and then 
annealed at 140 °C for 20 min. The devices were transferred into the vacuum evaporation 
chamber and kept there for three hours under vacuum (<10-6 Torr) prior to evaporating a 
back contact consisting of 1 nm LiF and 80 nm Al through shadow masks. The active 
device area of 9 mm2 is defined by the overlapping area of the back LiF/Al contact and 
the front, lithographically pre-patterned, transparent, ITO contact.  
    Current-voltage characteristics of OLED devices were acquired using a Keithley 
2400 source-meter under dark condition in air. 
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2.2.6 Space Charge Limited Current (SCLC) Measurements  
    For hole mobility measurements, devices were fabricated on photolithographically 
patterned ITO coated glass substrates, cleaned and coated with a 40 nm PEDOT:PSS 
film. Films of C12DPP-π-BT or P3HT were deposited by spin-coating followed by 
annealing. The same fabrication procedures were used as described above for solar cell 
fabrication, except 60 nm Pd back contacts were evaporated through shadow masks to 
characterize hole transport by SCLC measurements. 
    For electron mobility measurements, devices were fabricated on 2.5 cm x 2.5 cm glass 
slides, using the same cleaning procedures as for solar cells. 20 nm Al back contacts and 
1 nm LiF and 60 nm Al front contacts were deposited by thermal evaporation. Films of 
C12DPP-π-BT or PCBM were similarly explored. Samples for hole and electron mobility 
measurements were fabricated side-by-side for comparison.  
2.2.7 Recombination Characterization by Photoconductivity Measurements  
    On pre-cleaned quartz disks, 5 µm channel length, 75 µm channel width junctions were 
photolithographically defined and 1 nm Cr/19 nm Au was thermally evaporated to form 
bottom-contact, two-terminal devices for photoconductivity measurements.  Films of 
C12DPP-π-BT, C12DPP-π-BT:PCBM (5 wt% diiodooctane added) and C12DPP-π-
BT:P3HT were deposited by spin-casting from chloroform solutions. The devices were 
annealed at 140 °C for 20 minutes.  
    Photoconductivity measurements were performed in ambient air. The devices were 
illuminated by 488nm laser excitation from an Ar-Kr laser (Innova 70C Spectrum). 
Neutral-density filters were used to control excitation intensity. Bias voltage was applied 
and the photocurrent was recorded using a source-meter (Keithley model 2400). 
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2.3 Results and Discussion 
2.3.1 Synthesis 
Scheme 2.1 illustrates the synthetic procedure for the conducting polymer C12DPP-π-
BT (poly 3-(4-(2,2'-bithiophen-5-yl)phenyl)-2,5-didodecyl-6-phenylpyrrolo[3,4-
c]pyrrole-1,4(2H,5H)-dione) containing electron deficient C12DPP (2,5-
didodecylpyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione) and electron rich bithiophene 
monomers, bridged by a phenyl group. 3,6-Bis(4-bromophenyl)-2,5-
didodecylpyrrolo[3,4-c]pyrrole-1,4-dione (1, C12DPP-Br2) was synthesized by a 
procedure similar to that of Tieke.27 5,5′-bis(trimethylstannyl)-2,2′-bithiophene (2) was 
reacted with 1 equivalent of 1 by Stille cross coupling in the presence of a catalytic 
amount of Pd(PPh3)4 in toluene to obtain C12DPP-π-BT. After work-up, a shiny light 
brown solid was acquired. GPC analysis indicates it has a Mn of 5.88×103g/mol, Mw of 
10.35×103 g/mol, and PDI of 1.76. Based on previous report, higher molecular weight 
conducting polymers are more favorable for the fabrication of efficient OPVs.28 The 
catalyst system of Pd2(dba)3/P(o-tolyl)3 was then  adopted to yield C12DPP-π-BT 
material with doubled molecular weight - Mn of 12.36×103 g/mol, Mw of 17.68×103 
g/mol, and polydispersity index (PDI) of 1.43. The low PDI of both polymers indicated a 
narrow distribution of individual molecular masses in these samples. Both polymers were 
readily soluble in common organic solvents such as toluene, chloroform and 
chlorobenzene. 
 
 Scheme 2.1. Synthesis and structure of C12DPP
90 oC for low molecular weight. (ii) 0.05 mmol Pd
toluene, 90 oC for high molecular weight.
 
2.3.2 Energy Level Measurements Using Cyclic Voltammetry Method
    To achieve efficient charge separation and high conversion efficiency in a 
heterojuntion solar cell, the energy levels of the two components must be staggered and 
the energy difference between the ionization energy of the donor and the electron affinity 
of the acceptor must drive charge transfer of the photogenerated 
sufficient built-in potential to attain a high open circuit voltage (V
measurements were used to study the electronic structure of C12DPP
characterize the alignment of its energy levels relative to common organic photovoltaic 
materials used in bulk heterojunction devices: the electron donor P3HT and the electron 
acceptor PCBM.  Figure 
films of (a) high and (b) low M
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working electrode. The potentials were recorded against the oxidation peak of 
ferrocene/ferrocenium (Fc/Fc+) redox couple, which has a reported HOMO energy level 
of –4.8 eV and served as an external standard in our system32
.
 Based on the onset of the 
oxidation peak at 0.6 V and reduction peak at -1.3 V of both low and high Mn C12DPP-π-
BT, we estimated the HOMO and LUMO levels of C12DPP-π-BT to be -5.4 eV and -3.5 
eV, respectively. Similarly, from the cyclic voltammograms in Figure 2.1(c,d), we 
estimated the HOMO/LUMO energy levels of PCBM and P3HT to be -6.3 eV/-3.8 eV 
and -5.1 eV/-3.1 eV, respectively. The HOMO/LUMO levels for PCBM and P3HT are in 
agreement with literature reported values33, 34. The electrochemical bandgap, calculated 
from the difference between the HOMO and LUMO energies, is 1.9 eV for both the high 
and low Mn polymers. The electrochemical bandgaps are consistent with the optical band 
gaps of 1.8 eV for both polymers, calculated from the onset in optical absorptions, 
described in detail in the next section. The 0.1 eV (1.9 eV-1.8 eV) measured difference 
between the electrochemical bandgap and the optical bandgap reflects the influences of 
solvents, ions, and surface effects present in electrochemical measurements and influence 
of Coulomb binding energy of the exciton present in optical absorption spectroscopy35. 
The results are summarized in Table 2.1. 
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Figure 2.1. Cyclic voltammograms, energy level alignment of active layer components 
and schematic and optical micrographs of polymer photovoltaic devices. Cyclic 
voltammograms of (a) high Mn C12DPP-π-BT, (b) low Mn C12DPP-π-BT, (c) PCBM 
and (d) P3HT films on a platinum working electrode in an acetonitrile solution of 0.01 M 
TBAPF6 at a scan rate of 50 mV/s. Redox couple ferrocene/ferrocenium (Fc/Fc+) was 
used as an external standard. (e,f) Energy level alignment of active layer components 
derived from cyclic voltammograms and electrode materials from literature reported 
values, in reference to vacuum. (g,h) Schematic and optical micrographs of polymer 
photovoltaic devices.  
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Table 2.1. Optical and Electrochemical Properties of the C12DPP-π-BT, P3HT and 
PCBM 
 
 
  UV - Vis Absorption 
  
Cyclic Voltammetry 
 
solution film 
  
p-doping n-doping 
 
Composites 
λmax 
(nm) 
λmax 
(nm) 
λonset 
(nm) 
Egopt
(eV)   
Eonox/HOMO 
(V)/(eV) 
Eonred/LUMO 
(V)/(eV) 
EgEC 
(eV) 
High Mn 
C12DPP-π-BT 557 580 690 1.80 0.6 eV/-5.4eV -1.3 eV/-3.5eV 1.9 
Low Mn 
C12DPP-π-BT 548 580 690 1.80 0.6 eV/-5.4eV -1.3 eV/-3.5eV 1.9 
P3HT 450 525 650 1.91 0.3 eV/-5.1eV -1.7eV/-3.1eV 2.0 
PCBM 1.5 eV/-6.3eV -1.0 eV/-3.8eV 2.5 
 
* PCBM film has a broad absorption in the visible region (350–750 nm) without a 
distinguishable peak. 
 
    Figure 2.1(e,f) shows the schematic of the energy level diagram constructed from the 
reported work functions of electrode materials LiF/Al and ITO/PEDOT:PSS,36, 37 and the 
HOMO and LUMO energies derived from cyclic voltammograms for C12DPP-π-BT, 
PCBM and P3HT. The energy level alignment is critical to the success of bulk 
heterojunction solar cell fabrication. It should suffice 1) formation of a staggered type II 
heterojunction between two materials to allow electron and hole transport within different 
material to avoid recombination loss 2) offering sufficient LUMO offsets since 
empirically, the LUMO offset should be equal or larger than 0.3 eV to overcome the 
binding energy of exciton to separate the electron and hole efficiently, 3) providing large 
built-in potential. As generally accepted, built-in potential is directly related to the 
theoretical maximum value of open circuit voltage, which can be estimated by the energy 
difference between the HOMO level of the donor and LUMO level of the acceptor (or 
equivalently the energy difference between the ionization potential of the donor and the 
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electron affinity of the acceptor) 29. As shown in Figure 2.1 (e,f), the HOMO and LUMO 
of C12DPP-π-BT are higher compared with those for PCBM, which indicates C12DPP-
π-BT serving as an electron donor in C12DPP-π-BT:PCBM blends, while in contrast, the 
HOMO and LUMO of C12DPP-π-BT lies below those of P3HT, which suggests that 
C12DPP-π-BT can act as an electron acceptor in C12DPP-π-BT:P3HT blends. The 
LUMO offsets in C12DPP-π-BT:PCBM and C12DPP-π-BT:P3HT system are 0.3 eV and 
0.4 eV, respectively, which offers substantial potential drop for sufficient charge transfer 
and separated effectively at the interface between C12DPP-π-BT and either P3HT or 
PCBM38, 39. In addition, C12DPP-π-BT exhibits a larger built-in potential (1.6 eV) 
whether blended to form an acceptor with P3HT or blended to form a donor with PCBM 
[Table 2.1, Figure 2.1(e,f)]. This value is much larger than the extensively studied system 
P3HT:PCBM with built-in potential of 0.7-1.3 eV (calculated from the reported ranges 
for the HOMO level of P3HT and the LUMO level of PCBM) 24, 38, 40. Therefore, it 
should provide potentially larger Voc, which is critical to improve device performance. In 
conclusion, C12DPP-π-BT demonstrates the optimum HOMO and LUMO levels, which 
can form type II heterojunction with either PCBM or P3HT with sufficient exciton 
separation force and large built-in potential for high Voc.  
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2.3.3 Optical Properties  
    The UV/Vis absorption spectra for both the pristine low Mn and high Mn C12DPP-π-
BT, shown in Figure 2.2(a), exhibit the maximum absorption peaks at 580 nm with 
absorption onset around 690 nm. In comparison, the commonly used P3HT shows 
absorption peak at 525 nm with absorption onset around 650 nm. This result indicates 
that C12DPP-π-BT polymer can extend the absorption onset to the longer wavelength 
region than the most commonly used polymer P3HT, hence provide potentially better 
light utilization. Figure 2.2(b) shows the absorption spectra for the blends of C12DPP-π-
BT:PCBM and C12DPP-π-BT:P3HT in film. The absorption of high Mn C12DPP-π-BT 
mixture with PCBM is broader into the red region. The exact mechanism is not very clear 
yet. We hypothesize that this may be due to more effective packing of chains in the high 
Mn polymer:PCBM blends than in the low Mn polymer:PCBM blends41, 42. 
  To study photoinduced charge transfer at donor-acceptor interface for both C12DPP-π-
BT:PCBM and C12DPP-π-BT:P3HT system, PL quenching experiment was conducted43. 
It is worth noting that we measured both high and low Mn polymers and they demonstrate 
the same characteristics. So here we only plotted the PL spectra for high Mn polymer and 
corresponding polymer:PCBM and polymer:polymer blends for the simplicity of 
illustration. In Figure 2.2(c), the PL spectra of the pristine C12DPP-π-BT film and a 
blend of C12DPP-π-BT and PCBM showed that PL of the donor material C12DPP-π-BT 
is completely quenched when mixed with acceptor PCBM, indicating effective charge 
transfer between the two components. In contrast, in Figure 2.2(d), the PL spectra of 
P3HT and the C12DPP-π-BT:P3HT blended films show only partial quenching of PL of 
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the donor material P3HT. However, in the C12DPP-π-BT:P3HT system, the mechanism 
for PL quenching is more complicated because there exists two major competing 
relaxation process – electron transfer and energy transfer that can cause PL quenching in 
this system. In the polymer-polymer blend, the P3HT emission overlaps with the 
C12DPP-π-BT absorption in the spectral range of 600 nm to 700 nm. This spectral 
overlap may give rise to possible energy transfer from donor to acceptor. In this case, 
upon illumination, the excitation energy may be transferred from the exciton donor (in 
this case, P3HT) to the exciton acceptor (C12DPP-π-BT), which would decrease the 
luminescence of P3HT, and enhance the luminescence of C12DPP-π-BT (Figure 2.2(d)). 
Possible energy transfer from P3HT to C12DPP-π-BT provides a potentially competing 
pathway to charge separation in the polymer-polymer blend44. To include kinetics 
consideration, in polymer-polymer blends of C12DPP-π-BT:P3HT, energy transfer rate 
(~1 ps) is faster than charge transfer rate (~10s of ps) as reported in the literature45. The 
slower charge transfer is believed to be limited by larger donor-acceptor intermolecular 
distance caused by the solubilizing, long alkyl side chains, which can negatively affect 
charge transfer rate more dramatically than energy transfer45. As comparison, in polymer-
PCBM blends, charge transfer rates are reported to be considerably faster (<ps) as the 
small size of PCBM is anticipated to allow the acceptor to more closely approach the 
main polymer chain (donor)45, 46. In conclusion, from the optical measurement result and 
kinetic aspects of photoinduced energy and electron transfer processes, we hypothesize 
that efficient charge transfer dominates in C12DPP-π-BT:PCBM system, while both 
charge transfer and energy transfer exists in C12DPP-π-BT:P3HT system. 
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Figure 2.2. UV-Vis absorption spectra and photoluminescence spectra: (a) UV-Vis 
absorption spectra of pristine high (red line), low (black line) Mn C12DPP-π-BT and 
P3HT (blue line) in thin films. (b) UV-Vis absorption spectra of high Mn C12DPP-π-
BT:PCBM (weight ratio 1:2) (purple line), low Mn C12DPP-π-BT:PCBM (weight ratio 
1:2) (pink line), high Mn C12DPP-π-BT:P3HT (weight ratio 1:1) (orange line), low Mn 
C12DPP-π-BT:P3HT (weight ratio 1:1) (green line) in thin films. (c) The 
photoluminescence of pristine high Mn C12DPP-π-BT thin film (red line) is completely 
quenched in the presence of PCBM shown by the photoluminescence from high Mn 
C12DPP-π-BT:PCBM (weight ratio 1:2) thin film (purple line). (d) The 
photoluminescence of pristine P3HT thin film (blue line) is partially quenched in the 
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presence of C12DPP-π-BT (red line) shown by the photoluminescence from high Mn 
C12DPP-π-BT:P3HT (weight ratio 1:1) thin film (orange line).  
 
2.3.4 X-ray Diffraction (XRD) Studies 
    To monitor the crystallinity change of C12DPP-π-BT before and after blending with 
PCBM and P3HT and explore the interaction between different components, x-ray 
diffraction (XRD) studies of pure C12DPP-π-BT and the two blends have been conducted 
(Figure 2.3). High Mn polymer and blends are used here for demonstration. Low Mn 
polymer exhibited the same trend of crystallinity change. For C12DPP-π−ΒΤ alone, XRD 
reveal a strong (100) diffraction peak intensity around 2θ = 4.3° indicating good semi-
crystallinity for the pure polymer films. After blending with PCBM or P3HT, a dramatic 
decrease of the peak intensity was observed, which indicates reductions in polymer 
crystallinity42. In addition, the interlayer distance (d1 spacing) for pure C12DPP-π−ΒΤ is 
20.3 Å, which increased to 26.0 Å after blending with PCBM, implying PCBM disrupted 
the interlayer ordering. In contrast, C12DPP-π-ΒΤ:P3HT blends showed a decreased 
interlayer distance of 17.0 Å, which could be attributed to the short hexyl side chain of 
P3HT and this peak represents the average of C12DPP-π−ΒΤ (100) diffraction peak and 
P3HT (100) diffraction peak47. The peaks at higher angles ((010) diffraction peak) reveal 
small π–π stacking distance between polymer backbones,  4.9 Å for pure C12DPP-π−ΒΤ, 
4.6 Å for C12DPP-π-ΒΤ/PCBM, and 5.5 Å for C12DPP-π-ΒΤ:P3HT, indicating strong 
intermolecular interaction. We noticed a negative correlation of interlayer distance and π–
π stacking distance. This phenomena could be attributed to the unfavorable straightening 
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of side chains (increase of d-spacing), when π–π stacking is closer. In conclusion, pristine 
C12DPP-π-ΒΤ polymer showed good semi-crystallinity, which was disrupted after 
blending with either PCBM or P3HT. And comparing the two blends, C12DPP-π-
ΒΤ:PCBM exhibited a closer π–π stacking, which is more favorable for charge transport 
along the stacking direction48.   
 
 
 
 
Figure 2.3. XRD analysis of C12DPP-π-BT before and after blending. Shown in the 
figure are XRD patterns of high Mn C12DPP-π-BT (red line), high Mn C12DPP-π-
BT:PCBM (blue line) and high Mn C12DPP-π-BT:P3HT (green line). 
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2.3.5 Optimizing C12DPP-π-BT:PCBM Blend Intermixing Using Diiodooctane as 
Additive   
    The control over mixing of the different components in the blended films is crucial for 
bulk heterojunction solar cell fabrication49. In order to effectively separate charge 
carriers, it is critical to structure the semiconductor to have a large area donor-acceptor 
interface spaced by distances less than the exciton diffusion length, which is typically 5-
20 nm50 for organic semiconductors. Several strategies have been used in this field to 
structure a favorable interpenetrated network, including: thermal annealing, chemical 
modification of the donor materials, and the use of additives to improve the miscibility of 
different components51. To improve C12DPP-π-BT:PCBM miscibility and prevent large-
scale phase separation, we added a small amount (5 wt%) of diiodooctane as additive to 
the C12DPP-π-BT and PCBM mixture solution. Bulk heterojunction solar cells were 
fabricated and optimized with the device structure of ITO/PEDOT:PSS/C12DPP-π-
BT:PCBM/LiF/Al, where PEDOT:PSS serves as a hole extraction layer, while LiF 
lowers the work function of Al and serves as an electron extraction layer52. The overall 
device efficiency increased significantly with enhancement on short circuit current (Isc), 
open circuit voltage (Voc) and fill factor (FF), comparing with the devices without the 
diiodooctane additive (Figure 2.4).  
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Figure 2.4. I-V curves of high Mn C12DPP-π-BT:PCBM bulk heterojunction solar cells 
with (green line) and without (blue line) additives. Devices were annealed at 140°C for 
20 minutes and measured under the illumination of AM 1.5G, 100 mW/cm2 
 
    To further understand the effects of the additive and to quantify the uniformity of the 
devices, spatially resolved photoconductivity was used to map the Isc of solar cells 
through the transparent ITO back contact. For comparison between different devices, the 
recorded Isc was normalized to the maximum current in each device with the high current 
regions indicated by bright yellow and low current regions by black. As shown in Figure 
2.5, for C12DPP-π-BT:PCBM devices, across the entire examined area (10 µm by 10 
µm), the photocurrent maps obtained for devices (a) without any additive shows non-
uniformities, whereas maps for devices (b) with the diiodooctane additive are 
significantly more uniform, consistent with a more homogeneous blend. The histogram of 
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the spatially resolved photocurrents for C12DPP-π-BT:PCBM cells without the 
diiodooctane additive (Figure 2.5(a)) revealed a broad and random distribution, consistent 
with our conclusion of more varied performance across the device area.  Photocurrent 
histograms for high Mn C12DPP-π-BT:PCBM devices with the additive (Figure 2.5(b)) 
showed a narrow quasi-normal distribution peaked at 95% of the photocurrent maximum 
value. All C12DPP-π-BT:P3HT devices, fabricated similarly, showed a very uniform 
photocurrent without any additive (Figure 2.5(c)), due to good miscibility of C12DPP-π-
BT and P3HT, which may be a result of the presence of similar thiophene containing 
chemical structure in both polymers and their good solubility in the chloroform solvent53, 
54
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Figure 2.5. Spatially–resolved maps (i) and histograms (ii) of short circuit current: for 
high Mn C12DPP-π-BT:PCBM solar cells (a,d) without additive, and (b,e) with the 5 wt% 
diiodooctane additive added to the active layer and for (c,f) high Mn C12DPP-π-
BT:P3HT device without additive. (g) Spatially-resolved photoconductivity measurement 
set-up (488 nm light from Ar:Kr laser was focused to a spot size of 0.4 µm to illuminate 
devices through the transparent ITO contact. Devices were mounted on a piezo–
controlled stage for photocurrent mapping.) 
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2.3.6 Current-Voltage Characterization  
    Bulk heterojunction solar cells were fabricated and characterized with the device 
structure of ITO/PEDOT:PSS/C12DPP-π-BT:PCBM (or C12DPP-π-BT:P3HT)/LiF/Al. 
Diiodooctane was added to all the C12DPP-π-BT:PCBM blends in chloroform solution 
for better intermixing. Figure 2.6 shows the I-V curves of the devices with the best 
photovoltaic performance. We report and compare C12DPP-π-BT:PCBM blends with a 
weight ratio of 1:2 as we observed higher PCBM loadings gave better solar cell 
performance, consistent with the observation that higher PCBM loadings providing a 
more continuous pathway for electron transport55. The devices based on the high Mn 
C12DPP-π-BT:PCBM demonstrated a high power conversion efficiency of 1.67% with 
Isc of 7.8 mA/cm2 and Voc of 0.58 V. This is nearly a 50% improvement compared with 
the power conversion efficiency (1.12%) of the same polymer with a lower Mn, which 
had Isc of 6.4 mA/cm2 and Voc of 0.50 V. On the basis of the measurements of four 
different devices made under the same fabrication conditions, the average efficiency for 
high and low Mn polymer:PCBM devices is 1.53 and 1.03%, respectively. The best 
devices based on high Mn C12DPP-π-BT:P3HT showed a moderate power conversion 
efficiency of 0.84% with Isc of 2.6 mA/cm2 and Voc of 0.92 V, representing 15% 
efficiency enhancement over lower Mn polyer:P3HT device (0.73% efficiency with Isc of 
2.4 mA/cm2 and Voc of 0.89 V).  The average efficiency for high and low Mn 
polymer:P3HT devices is 0.76% and 0.62%, respectively, calculated for five different 
devices for each Mn. The statistics of device performance is summarized in Table 2.2.  
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Figure 2.6. Current-voltage characteristics of C12DPP-π-BT containing BHJ solar cells. 
(a) C12DPP-π-BT:PCBM (weight ratio 1:2) bulk heterojunction solar cells with high (red) 
and low (blue) Mn C12DPP-π-BT and (b) C12DPP-π-BT:P3HT (weight ratio 1:1) solar 
cells with high (red line) and low (blue line) Mn C12DPP-π-BT under the illumination of 
AM 1.5, 100 mW/cm2. 
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 Table 2.2. Performance parameters of the C12DPP-π-BT:PCBM and C12DPP-π-
BT:P3HT bulk solar cells, under AM 1.5G illuminations.  
 
 
 
In order to analyze the contribution of absorption at each wavelength to the 
photocurrent generation, the spectral response/incident photon conversion efficiency 
(IPCE) of the devices as a function of excitation energy was measured (Figure 2.7). The 
devices exhibit high external quantum efficiencies over 30% for the high Mn C12DPP-π-
BT:PCBM blends. The shape of IPCE curves matches the absorption spectra of the 
respective blends, which indicates light absorption being the dominant factor for the 
photocurrent. Similar results have been observed for diketopyrrolopyrrole-based 
polymer:PCBM blends spin-coated from chloroform solutions.8 C12DPP-π-BT:P3HT 
devices maintain external quantum efficiency around 15% over a broad spectral range 
from 400 nm to 600nm, which indicates the high-energy spectral components contribute 
more significantly to the IPCE. We hypothesize this may indicate two polymers 
contribute differently to the photocurrent in C12DPP-π-BT:P3HT device. Although both 
Donor Acceptor 
 
Isc (mA/cm2) Voc (V) FF Efficiency (%) 
High Mn P 
 
PCBM 
 
best 7.8 0.58 0.37 1.67 
average 7.2±0.6 0.58±0.01 0.37±0.01 1.53±0.15 
Low Mn P 
best 6.4 0.50 0.35 1.12 
average 6.0±0.5 0.50±0.02 0.35±0.01 1.03±0.07 
P3HT 
High Mn P 
best 2.6 0.92 0.35 0.84 
average 2.4±0.1 0.91±0.01 0.35±0.004 0.75±0.06 
Low Mn P 
best 2.4 0.89 0.34 0.73 
average 2.1±0.3 0.88±0.02 0.34±0.01 0.62±0.09 
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polymer can generate exciton, P3HT absorbs more in the shorter wavelength region than  
C12DPP-π-BT. Pure P3HT has a closer π–π stacking distance (3.8 Å)56 than C12DPP-π-
BT (4.9 Å) and shorter side chain, which may result in more facile charge transport in 
P3HT grain57 and lead to a more significant contribution of P3HT than C12DPP-π-BT to 
photocurrent generation. The difference of charge recombination at different wavelength 
region may also play a role here although the mechanism is not quite clear. 
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Figure 2.7. IPCE analysis: (a) IPCE of C12DPP-π-BT:PCBM (weight ratio 1:2) thin film 
solar cells for (red square) high Mn and (blue square) low Mn C12DPP-π-BT. (b) IPCE of 
C12DPP-π-BT:P3HT (weight ratio 1:1) thin film solar cells for (red circle) high Mn and 
(blue circle) low Mn C12DPP-π-BT.  
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2.3.7 Space Charge Limited Current Measurements  
    For the photovoltaic application, C12DPP-π-BT can function as either an electron 
donor when mixed with PCBM or an electron acceptor when blended with P3HT. To 
further confirm the ambipolar transport properties of C12DPP-π-BT, the hole and 
electron mobilities of the polymer were characterized by the space charge limited current 
(SCLC) model, which is a commonly used tool by checking the space charge limited 
current through the semiconductor in the dark in a sandwich structure58, 59. In order to 
investigate hole transport through the device, high work function electrodes 
ITO/PEDOT:PSS and palladium (Pd) were used to block electron injection. These 
electrodes form barriers to electron injection of 1.7 eV with C12DPP-π-BT. In contrast, 
for the electron mobility analysis, Al and LiF/Al were used as hole-blocking contacts 
with a hole injection barrier of 1.2 eV between polymer and the Al contact, and 1.9 eV 
between polymer and the LiF/Al contact. The current-voltage data are shown in Figure 
2.8, fitted to the following equation60, 61: 
                       
 
2
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where µ0e(h) is the zero-field electron/hole mobility, γ0e(h) is the field activation factor, V 
is the applied potential and d is the thickness of the active layer. µ0e(h) and γ0e(h) were 
evaluated by fitting the current-voltage characteristics. At room temperature, a zero-field 
hole mobility of 2.1x10-4 cm2/Vs and electron mobility of 4.7x10-5 cm2/Vs were obtained 
for the high Mn C12DPP-π-BT only device. Similarly, a zero-field hole mobility of 
4.2x10-5 cm2/Vs and electron mobility of 2.5x10-5 cm2/Vs were obtained for the low Mn 
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polymer only device. This indicates good charge transport for both electrons and holes 
with the hole transport slightly better than the electron. Also, high Mn C12DPP-π-BT 
exhibits higher charge carrier mobility than low Mn C12DPP-π-BT in either hole or 
electron. As a comparison, P3HT showed a hole mobility of 2.2x10-5 cm2/Vs, which is 
consistent with the literature reported value of 3x10-5 cm2/Vs62.  
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Figure 2.8. SCLC measurements: (a) hole mobility for high Mn C12DPP-π-BT only thin 
films (red square), low Mn C12DPP-π-BT only thin films (blue square), and P3HT 
(orange square) ; (b) electron mobility for high Mn C12DPP-π-BT only thin films (filled 
red square), low Mn C12DPP-π-BT only thin films (filled blue square), and PCBM (filled 
black square). Solid lines represent simulation results. 
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2.3.8 Morphological characterization by AFM 
    In addition to the optical and electrical characterization, the surface morphology of the 
blended films was also investigated by atomic force microscopy (AFM) to study the 
structural difference between high and low Mn polymer blends (Figure 2.9). The 
morphology and phase images suggest that the higher Mn polymer forms larger grains in 
either blends with PCBM or blends with P3HT, reducing the number of grain boundaries 
that may trap charges, and hence provides more facile pathways for carrier transport28, 
which will effectively increase the short circuit current.  
 
 
Figure 2.9. AFM topography (upper) and phase (lower) images: (a, b) high Mn C12DPP-
π-BT:PCBM (weight ratio 1:2) (c, d) low Mn C12DPP-π-BT:PCBM (weight ratio 1:2), (e, 
f) high Mn C12DPP-π-BT:P3HT (weight ratio 1:1), and (g, h) low Mn C12DPP-π-
BT:P3HT (weight ratio 1:1) with scan range (10µm by 10 µm). All samples were 
annealed at 140°C for 20 minutes.  
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2.3.9 Photovoltaic Performance Discussion 
    To briefly summarize, higher Mn polymer displays higher efficiency for both C12DPP-
π-BT:PCBM devices and C12DPP-π-BT:P3HT devices than lower Mn polymer. The 
major contributor is more efficient charge carrier transport, which is revealed by SCLC 
measurements. And this enhancement on charge transport is consistent with AFM results 
(larger grain size for high Mn polymer) and IPCE results (greater photocurrent generation 
for high Mn polymer). Another factor is light absorption. In C12DPP-π-BT:PCBM 
blends, higher Mn C12DPP-π-BT:PCBM absorbs further to the red as compared with low 
Mn C12DPP-π-BT:PCBM mixture, which is reflected in a ~9% higher peak IPCE 
efficiency and the red extended IPCE spectrum extends.  
    Overall, devices based on C12DPP-π-BT:PCBM exhibits higher efficiency than 
C12DPP-π-BT:P3HT devices, which is attributed to the more effective charge transfer 
between C12DPP-π-BT and PCBM, as suggested by the PL quenching experiment. 
    It is interesting to point out that the C12DPP-π-BT:P3HT devices showed much higher 
Voc (~ 0.9 V) than C12DPP-π-BT:PCBM devices(~ 0.6 V), even though the built-in 
potentials calculated from electrochemical measurements are the same (1.6 eV) for both 
configurations. Although the reason for such difference is not exactly clear, in practice 
the obtainable Voc is always lower than the upper limit value derived from isolated 
materials characteristics and thermodynamic considerations because of electrode-active 
layer and donor-acceptor interfacial energetics and non-radiative recombination losses. 
Several possible reasons for the observed lower than theoretical (maximum) Voc (and the 
difference between C12DPP-π-BT:P3HT and C12DPP-π-BT:PCBM devices) include: 
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(1) The HOMO and LUMO are determined by electro-chemical method, which may not 
represent the precise energy levels when it is in solid film as mixture. Measurement 
influences of solvents, ions, and surface effects in electrochemical measurements, 
which play an important role for band alignment63, are hard to quantify when derive 
the HOMO and LUMO value.  
(2)  Different interfacial dipoles may exist at the C12DPP-π-BT:PCBM and C12DPP-π-
BT:P3HT interfaces, which can alter the effective Coulombic binding energy of the 
exciton and therefore affect the Voc of solar cells64. In addition, energy loss occurs 
when the electron transferred from donor LUMO to acceptor LUMO. The loss is 
estimated to be around 0.3 eV, empirically for polymer:PCBM heterojunction solar 
cells38. These factors might affect C12DPP-π-BT:PCBM and C12DPP-π-BT:P3HT 
differently. 
(3) Non-Ohmic contact between active layer and electrodes will reduce the Voc. In 
general, to maximize Voc for heterojunction solar cells, Ohmic contacts are 
preferred, imposing energy level alignment of the HOMO level of the electron donor 
with the Fermi level of the hole collecting PEDOT:PSS/ITO electrode and of the 
LUMO level of the electron acceptor with the Fermi level of the electron collecting 
LiF/Al electrode65. For the cathode side, a thin layer of LiF reduces the work 
function of Al from 4.2 eV to 3.5 eV,37 aligning it with the LUMO levels for both 
PCBM and C12DPP-π-BT and forming Ohmic contacts. However, for the anode 
side, the PEDOT:PSS electrode has a work function of 5.1±0.2 eV66. The contact 
effects will limit the Voc if the donor polymer has a HOMO level  more negative  
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than -5.3 eV versus vacuum65. In the case of C12DPP-π-BT:PCBM devices, the 
HOMO level of donor (C12DPP-π-BT) is -5.4 eV, which may form a non-Ohmic 
contact at the interface and hence lower the Voc. In contrast, for the C12DPP-π-
BT:P3HT system, the donor polymer P3HT has a HOMO level around -5.1 eV, 
which forms a suitable Ohmic contact with PEDOT:PSS electrode. Therefore energy 
loss is reduced and Voc reduction is lower than C12DPP-π-BT:PCBM system.    
(4) In addition, according to Shockley and Queisser’s paper, the maximum 
thermodynamic Voc value can only be reached in the absence of non-radiative 
recombination67. In theory, the recombination mechanism will affect the highest 
achievable Voc. 
 
2.3.10 Recombination Mechanism 
    Despite the uncertainty factors in electro-chemical measurements and possible 
interfacial interaction between active components, we hypothesize that the 3rd and the 4th 
reasons mentioned above contributes to the observed difference of Voc between C12DPP-
π-BT:PCBM and C12DPP-π-BT:P3HT. To better understand charge generation and 
recombination process (4th reason in last section) in these systems and hence their effects 
on device performance, the light intensity dependence of photoconductivity68 was 
characterized. Figure 2.10 shows the photocurrent versus relative intensity of 2.43 eV 
(488 nm) excitation at different electric fields for (a) high Mn C12DPP-π-BT, (b) high Mn 
C12DPP-π-BT:PCBM blends and (c) high Mn C12DPP-π-BT:P3HT blends films. Fitting 
the curves to ipc∝I0n showed that the exponent n for the pure C12DPP-π-BT polymer 
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sample is ~0.4, indicating a bimolecular nature of recombination that has a square-root 
dependence on intensity. For C12DPP-π-BT:P3HT devices, the exponent n remains at 
~0.5; this is characteristic of bimolecular recombination, indicating the absence of deep 
traps in the film. In contrast, after blending with PCBM, the mixed sample showed an 
increase in n to ~0.7. This reveals the existence of both bimolecular recombination and 
monomolecular recombination, a competing process that has a linear dependence on 
excitation intensity. The first-order recombination kinetics suggest the presence of more 
recombination centers in the C12DPP-π-BT:PCBM mixture than in pure C12DPP-π-BT 
and in the C12DPP-π-BT:P3HT mixture, such as charge carrier traps at the interface of 
the two materials69. Such trap-assisted recombination would cause the Voc measured in 
C12DPP-π-BT:PCBM devices to be lower than the value deduced from the difference 
between acceptor LUMO and donor HOMO70,
 
and lower than that in C12DPP-π-
BT:P3HT devices. In addition, the existence of charge traps can increase the 
recombination of electrons and holes thereby reducing the fill factor, which in turn limits 
device efficiency69, 71.  
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Figure 2.10. Intensity dependence of the photocurrent: (a) high Mn C12DPP-π-BT only 
thin films (b) high Mn C12DPP-π-BT:PCBM blend thin films and (c) high Mn C12DPP-
π-BT:P3HT blend thin films at applied electric fields of (■) 0 (●) 0.1(▲) 0.2(▼) 0.5(◄) 
1.0 (►) 1.5 (♦) 2.0 (●) 2.5x105 V/cm. (d) Power values, n, of the function ipc ∝ I0n vs 
electric field for (■) the high Mn C12DPP-π-BT only, (■) the high Mn C12DPP-π-
BT:PCBM blend and (■) high Mn C12DPP-π-BT:P3HT blend. Laser: 488nm, 19.8A, 
0.291W; intensity at the sample: 16.6W/cm2 for the largest intensity (Relative intensity=1) 
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2.3.11 OLED application with C12DPP-π-BT 
    C12DPP-π-BT has been demonstrated to operate as either an electron donor or an 
electron acceptor in the photovoltaic devices and confirmed to have good hole and 
electron transport properties by SCLC and strong photoluminescence. Therefore, 
C12DPP-π-BT was expected to also be a promising candidate for organic/polymer light 
emitting diodes. To test its potential for OLED, we have incorporated C12DPP-π-BT in a 
single layer sandwich structure of ITO/PEDOT:PSS/C12DPP-π-BT/LiF/Al (Figure 2.11 
(a)), in which C12DPP-π-BT served as emissive and charge transport layer. During 
operation, a voltage was applied across the electrodes. Electrons are injected into the 
LUMO of C12DPP-π-BT at cathode (Al/LiF) while holes are injected into the HOMO of 
C12DPP-π-BT through anode (ITO/PEDOT:PSS). Electrons and holes are driven towards 
each other by electrostatic Coulomb force. The charge recombination forms an exciton 
and the decay of exciton (excited state) results in a relaxation of the energy levels of the 
electron accompanied by light emission. (Figure 2.11 (b)) Without any optimization, 
OLEDs based on the pure polymer exhibited good preliminary results: the device 
demonstrated high current density, bright red emission and low diode turned on voltage 
(~ 3V). (Figure 2.11 (c-f)) 
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Figure 2.11. . (a) Schematic of C12DPP-π-BT OLED device layout (b) Schematic of 
energy diagram of active layer and electrodes, showing electron-hole recombination and 
light emitting (c) photo of photoluminescence upon excitation by UV lamp (254 nm) (d) 
photo of OLED device (e) photo of OLED device turned on in operation in dark (f) I-V 
Characterization of OLED devices with C12DPP-π-BT 
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 2.3.12 Polymer Field Effect Transistor Based on C12DPP-π-BT 
    In this section, charge transport characteristics and organic field effect transistor 
(OFET) application of C12DPP-π-BT are discussed. Top contact bottom gate (TC-BG 
configuration) OFETs were fabricated on heavily doped silicon wafers with 250 nm 
thermally grown SiO2, which served as the gate electrode and gate dielectric layer, 
respectively. Self-assembled monolayers (SAMs) of octadecyltrichlosilane (OTS) were 
used for surface modification to increases surface hydrophobicity and improve molecular 
order and mobility72. C12DPP-π-BT was spin cast from solution as the semiconductor 
layer followed by the vacuum deposition of source and drain electrodes (Au).  
    Figure 2.12(a) illustrates the layout of polymer FET devices. Figure 2.12 (b, c) shows 
the representative transfer and output characteristics of FET devices with different 
molecular weights. All devices featured hole dominated transfer behavior. The mobility 
can be extracted from hole saturation regimes based on the following equation, which is 
originally developed for Si MOSFETs.  
    Assuming mobility is gate voltage independent, in the saturation regimes when 
≤ℎ<0  −ℎ> 	, mobility can be estimated by the following equation73:  
2( ) (1)
2
2 ( ) (2)
D G th
D
G
WCI V V
L
d IL
WC dV
µ
µ
= −
⇒ =
 
where µ is the charge-carrier effective mobility, W is the channel width, L is the 
channel length, C is the gate oxide capacitance per unit area,  is gate-to-source voltage 
and ℎ is the threshold voltage, and ID is source-drain current. 
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    The top-contact, bottom-gate (TC-BG) transistors with C12DPP-π-BT 
semiconducting channels exhibited field-effect hole mobilities of 0.04±0.004 cm2V-1s-1 
for high Mn polymer and 0.03±0.005 cm2V-1s-1 for low Mn polymer, showing a slightly 
better transport for the higher Mn polymer, which is consistent with the previous SCLC 
results of high hole mobility and better OPV performance for high Mn polymer. This 
could be a result of smaller number of well defined crystalline domains and hence fewer 
boundaries in the higher Mn polymer as suggested by AFM topography images in Figure 
2.9. Moreover, the higher Mn polymer offers longer chains for the charge carrier to travel 
along the polymer chain and reduced inter-chain hopping74. All devices showed a very 
linear ID -VDS characteristics at lower voltages for hole currents. This could be attributed 
to two factors: 1) low contact resistance due to the large charge injection area under TC-
BG configuration compared to a bottom contact devices 2) lower access resistance due to 
gold electrode metal penetration into the polymer thin film75.  
    It is important to understand the relationship between channel dimension and device 
property in organic FET in order to evaluate the materials and optimize devices. To this 
end, the mobility dependence on the channel length was investigated by varying the 
channel length while keeping the W/L ratio constant. First, we shall briefly discuss the 
common short-channel effects, which can be applied towards organic FETs using the 
following equations76: 
1
* * (3)Sheet SheetTotal Contact Channel Contact Channel
LR R R R R
W W
= + = +  
Assuming Ohmic relationship between current (I) and total resistance (RTotal),  
79 
 
*( )
(4)1 1
* * *
Sheet Sheet Sheet SheetTotal
Contact Channel Contact Channel
WVV V LI LR R R R R
W W L
= = =
+ +
 
where RTotal is the total resistances, RContact and RChannel represent two resistance sources 
from contact interface and channel material, and W, and L represent channel width and 
length, and W/L ratio is a constant in all our silicon substrate based FET devices. The 
sheet resistance is determined by materials properties and is a constant. The total 
resistance (RTotal) decreases with increasing channel W (or L) since RChannel is constant 
with a fixed W/L and RContact is inversely proportional to W (or L). Therefore the current 
and mobility will typically decrease with decreasing channel width (length), which poses 
a challenge for device scaling. However, opposite to the trend in amorphous Si FETs77, 78, 
the hole mobility of polymer FET devices using C12DPP-π-BT increased with decreasing 
channel lengths. Two factors may contribute to the observed inverse relationship between 
mobility and channel length: 1) the intrinsic resistance of polymers is high, which will 
weaken the effect of contact resistance to some extent when RContact/L is considerably 
small compared with RChannel in equation 4. In addition, for organic FETs, shorter channel 
lengths may reduce the number of grains and grain boundaries, which in turn may 
increase charge mobility79, 80; 2) the increased drift mobility is positively correlated with 
increasing electric-field, which has been observed in many organic materials81. A shorter 
channel length increases the longitudinal electric field when the applied voltage VDS is 
constant, therefore increasing the drift mobility and the measured hole mobility. The 
statistics of device performance is summarized in Figure 2.12(d,e). Here we noticed that 
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all devices featured hole dominated transport behavior, which is contrary to what we 
expect since C12DPP-π-BT shows the ability to transport both electrons and holes in 
solar cells, OLED and SCLC measurements. A few reasons might be attributed to the 
absence of electron transport: 1) electron traps at the dielectric-semiconductor, which is 
common for organic semiconductor; 2) possible high injection barriers for electrons at the 
metal-semiconductor interface; 3) anisotropic conductivity of the polymer may cause 
different conductivity behavior in a vertical device (solar cells and OLEDs, in which 
current flows in a direction perpendicular to the substrate) than in a lateral device (OFET, 
in which current flows parallel to the substrate). Further optimization strategies, such as 
using different Si surface treatment and applying a different dielectric layer to avoid 
electron traps and defects, modifying source and drain electrodes to reduce the electron 
injection barrier to improve the charge injection, shall be investigated.  
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Figure 2.12. (a) Schematic of polymer FET devices with top contact bottom gate 
configuration, (b) transfer characteristics (ID-VG) (VDS: -100V) and (c) output 
characteristics (ID-VDS) for high Mn C12DPP-π-BT (red line) and low Mn C12DPP-π-BT 
(blue line) in the hole accumulation regimes. Channel length is 60 µm and channel width 
is 1200 µm for silicon substrate devices. (d-e) Hole mobility dependence on channel 
width for (d) high Mn C12DPP-π-BT and (e) low Mn C12DPP-π-BT polymer FET.  (W/L 
is fixed at 20.) 
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  2.3.13 Organic Field Effect Transistor Based on C12DPP-π-BT/PCBM blends  
    Charge transport is a key factor for tuning the transfer characteristics of transistors. In 
addition, FET mobility measurements will provide useful information regarding the 
electron and hole transport which assists the design of donor and acceptor with balanced 
charge transport to improve the efficiency of solar cells. To that end, FETs based on 
C12DPP-π-BT and PCBM blends have been fabricated and characterized to study charge 
carrier transport. The devices were fabricated following the same procedure as pure 
polymer FET devices. Different blends ratios have been used to explore the dependence 
of hole/electron current under these fabrication conditions. As discussed previously, the 
pure polymer indicated hole dominated transfer characteristics. After blending with 
PCBM, electron injection was significantly improved because the LUMO of PCBM is 
closer to the work function of Au. As a result, the organic FET device based on the 
blends (C12DPP-π-BT:PCBM 1:2 weight ratio) demonstrates ambipolar FET properties 
as shown in Figure 2.13 (a). Previously, we have shown p-channel FET devices based on 
the pure C12DPP-π-BT polymer. It is worth mentioning that, after blending with PCBM, 
not only has the electron current increased significantly, but the hole mobility has also 
been enhanced from 0.04 cm2V-1s-1 to 0.08-0.09 cm2V-1s-1. Regarding this interesting 
phenomena, we have three hypotheses: 1) the addition of PCBM could improve inter-
chain interaction of C12DPP-π-BT polymer. For the pure polymer, inter-chain transport 
is impeded by the high potential barrier between neighboring polymers caused by high 
energy insulating dodecyl side chains. After intermixing, the flexible long side chain 
allows the proximity of PCBM to the polymer backbone. And the inserted PCBM can 
effectively reduce the potential barrier because of the relatively close HOMO levels 
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between C12DPP-π-BT and PCBM, thereby facilitating charge tunneling within polymer 
network and increasing hole mobility. This hypothesis is consistent with the increased 
molecular packing we observed in XRD experiment (in Section 2.3.4 XRD pattern 
indicates a reduced π–π stacking distance between polymer backbones from 4.9 Å for 
pure C12DPP-π−ΒΤ to 4.6 Å for C12DPP-π-ΒΤ:PCBM). 2) the second possible 
mechanism is that C12DPP-π−ΒΤ and PCBM could form a new electronic state such as a 
charge-transfer complex82, which can transfer both electrons and holes more efficiently 
than pristine C12DPP-π−ΒΤ. 3) it is possible that PCBM blending changed the polymer 
grain structure, which could lead to reduced grain sizes and grain boundaries and hence 
better charge transport. 
    We further increased the weight ratio of PCBM (C12DPP-π-BT:PCBM 1:4 weight 
ratio) in the blend and observed that the device changed from behaving as an ambipolar 
transistor (C12DPP-π-BT:PCBM 1:4 weight ratio) to an n-channel FET device (electron 
dominated transport). We propose that, with too high concentration of PCBM, it is 
possible that the continuity of polymer network is broken, leading to rapidly deteriorating 
hole transport. The typical electron mobilities are low across all devices, which is an 
indication of a large number of electron traps at the surface and/or in the bulk caused by 
impurities and defects. Figure 2.13 exhibits output characteristics in the electron regime 
for n-channel FET device based on the polymer:PCBM blends (ratio 1:4) and output 
characteristics in both the electron (Figure 2.13 (c)) and hole (Figure 2.13 (d)) 
accumulation regimes for ambipolar FETs based on blends (ratio 1:2). 
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    In conclusion, by adjusting the PCBM ratio to C12DPP-π−ΒΤ (0:1, 2:1, 4:1), we 
successfully altered the nature of FET device from p-channel to ambipolar to n-channel 
conducting. The transfer characteristics could provide useful information to balance 
electron-hole transport and optimize photovoltaic devices. In addition, the preliminary 
results of C12DPP-π−ΒΤ:PCBM blends have demonstrated the ability and potential for 
ambipolar OFET devices, which serve as the elements for organic complementary circuit 
technology. 
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Figure 2.13. Characterization of FET devices with C12DPP-π-BT:PCBM blend. (a) 
transfer characteristics (C12DPP-π-BT:PCBM weight ratio1:2, 1:4) (b) output 
characteristics in electron regime for blends (C12DPP-π-BT:PCBM ratio 1:4); (c) output 
characteristics in electron and (d) hole accumulation regimes for blends (C12DPP-π-
BT:PCBM ratio 1:2). All devices are fabricated with same procedure and channel width 
to length ratio of 20. 
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2.4 Conclusion 
    In conclusion, we report the synthesis, characterization, and implementation of a new 
diketopyrrolopyrrole-based polymer with energy levels located between those of 
commonly used electron donor and electron acceptor materials. Unlike previously 
reported diketopyrrolopyrrole-based polymers and small molecules which have only been 
used as either the electron donor or acceptor in OPVs, we show that C12DPP-π-BT can 
function as either an electron donor or electron acceptor in solution-processable organic 
photovoltaics. A moderate power conversion efficiency of 1.67% was achieved with the 
high Mn C12DPP-π-BT polymer:PCBM blend devices and 0.84% with higher Mn 
C12DPP-π-BT polymer:P3HT blend devices. SCLC measurements confirm both electron 
and hole transport in the C12DPP-π-BT copolymer. We have demonstrated that C12DPP-
π-BT polymer with higher Mn gives rise to increased photon generation and carrier 
transport and therefore higher Isc, Voc, and overall OPV efficiency. Comparing C12DPP-
π-BT:PCBM and C12DPP-π-BT:P3HT devices, which are characterized by the same 
built-in potential from electrochemical calculations, a higher Isc, but smaller Voc is 
obtained for C12DPP-π-BT:PCBM devices. The higher Isc in C12DPP-π-BT:PCBM 
devices is believed to originate from ultrafast, efficient charge transfer and more balanced 
electron and hole transport, while the Voc is limited by trap-assisted recombination and 
interfacial contact losses. In contrast, the C12DPP-π-BT:P3HT system achieves higher 
Voc, yet suffers from lower Isc due to possible limitation in charge transfer hindered by 
long alkyl chain, which increases the intermolecular distance and prevents the closer 
contact of two polymers. The rational design of donor-acceptor copolymers can provide 
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organic photovoltaic materials with large built-in potentials and balanced electron and 
hole transport, promising efficient OPVs. The polymer based FET exhibited good hole 
current. And after further mixing with PCBM, the blends based FET demonstrated 
ambipolar transport characteristics with high hole mobility and improved electron 
transport. We successfully altered the nature of FET device from p-channel to ambipolar 
to n-channel conducting by adjusting the weight ratio of PCBM. The transfer 
characteristics could assist photovoltaic devices design. In addition, the preliminary 
results of C12DPP-π−ΒΤ:PCBM blends indicate its ability and potential for ambipolar 
OFET devices. 
    Further optimization of materials design and processing, such as shorter, yet 
solubilizing, branched side chains, investigation of solvents and annealing effects to 
increase charge transfer in polymer-polymer blends and improving morphologies to 
reduce carrier trapping in polymer-PCBM blends, is critical to further increase device 
efficiencies. Finally, the strong photoluminescence and ambipolar nature of C12DPP-π-
BT make it a promising candidate for organic light emitting diode and organic light 
emitting transistor applications.  
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Chapter 3 
Study of Organic-Inorganic Hybrid Solar Cells Based on P3HT and 
PbSe Nanocrystal  
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3.1 Introduction to Organic-Inorganic Hybrid Solar Cells 
    Organic-inorganic hybrid bulk heterojunction solar cells are considered to be one the 
most promising candidates for the development of high efficiency photovoltaic devices 
and have received extensive attention recently because their solution processability and 
their excellent flexibility to chemically modify the optical and electrical properties of 
both organic and inorganic components1-5. For the inorganic component, colloidal 
semiconductor nanocrystals offer quantum confinement and therefore tunable properties. 
They have been incorporated into hybrid devices as the electron acceptor in conjunction 
with p-type semiconducting polymers6. Lead selenide (PbSe) nanocrystals have attracted 
increasing interests because they extend the polymer-PbSe composite's absorption into 
infrared to harvest a large fraction of solar radiation in the long wavelength region7, 8. In 
addition, recent studies suggested that PbSe may lead to multiple exciton generation from 
absorption of a single photon and yield more than 100% in internal quantum efficiency9, 
10
. However, the reported photovoltaic devices performance based on PbSe and 
commonly used polymers Poly (3-hexylthiophene-2,5-diyl) (P3HT) or Poly [2-methoxy-
5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) is poor despite the fact that 
PbSe has extended NIR absorption and demonstrated good mobility in the transistor 
geometry 7, 8, 11, 12. Bulk heterojunction hybrid photovoltaic devices with PbSe and P3HT 
blends have only demonstrated less than 0.1% overall energy conversion efficiency7, 8. In 
contrast, photovoltaic devices with similar structure using P3HT and CdSe nanocrystals 
blends achieved power conversion efficiencies as high as 2%.13 The poor photovoltaic 
performance of PbSe in bulk heterojunction devices is counterintuitive to its excellent 
optical and opto-electrical property.  
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    The morphology control of nanocrystals has been proven critical to the success of 
high efficiency solar cells. Huyuh et al. reported a substantial enhancement of the 
efficiency of CdSe nanocrystals hybrid solar cell by replacing CdSe quasi-spherical 
quantum dots with elongated nanorods and achieved an efficiency of 1.7%4. The 
processing conditions also significantly influence the device performance. Yang et al. 
reported improved device performance by using higher boiling point solvents to slow 
down the solidification time of wet films to allow P3HT self-assembly, hence  improved 
the hole mobility and device efficiency14.  
    To summarize, the motivations of our research on the PbSe-P3HT solar cell system 
include: 1) PbSe has extended absorption into NIR region which will increase the 
utilization of photon energy. The energy in NIR was wasted in many solar cell systems, 
including those shown excellent efficiency such as P3HT/PCBM and P3HT/CdSe; 2) we 
have deep expertise and previous research experience in the synthesis of lead 
chalcogenide nanocrystals and nanowires; 3) the branched (spiny) nanowires may 
provide the ideal structure for hybrid solar cells. The spiny surface provides high p-n 
surface area for charge separation and the low energy core of the nanowires (the tunnel) 
offers efficient percolation pathways for electron transfer.  
    PbSe nanocrystals and nanowires were expected to be very promising candidates for 
hybrid solar cells. Successful BHJ architecture requires the donor and acceptor materials 
to be tailored to provide: 1) strong and broad absorption of solar radiation, 2) a staggered 
energy level structure (type-II heterojunction) to drive charge separation at the 
donor/acceptor interface, and 3) high hole and electron mobilities for efficient charge 
collection. The scopes of this study include 1) synthesis of PbSe nanocrystals and PbSe 
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nanowires with tunable shapes by tailoring the reaction condition, 2) incorporation and 
optimization of this near-IR sensitive electron acceptor material with P3HT for the hybrid 
solar cell fabrication, and 3) exploration of the energy conversion mechanism in this 
system. 
 
3.2 Experimental Section     
3.2.1 Materials  
    All experiments were performed under nitrogen atmosphere by standard Schlenk 
techniques. Lead acetate trihydrate (Aldrich, 99.999%), lead (II) oxide (PbO, Aldrich, 
99.9%),  selenium pellets(<4 mm, 99.99%), trioctyl phosphine (TOP, Fluka, 90%), oleic 
acid (OA, Aldrich, 90%), diphenyl ether (DPE, Aldrich,99.9%) squalane (Aldrich, 99%), 
1-octadecene(ODE, Aldrich, 90%), Octanoic Acid (Aldrich, 99%), hexadecylamine 
(HDA, Aldrich, 98%), n-tetradecylphosphonic acid (TDPA, Aldrich, 97%) were used as 
purchased without further purification. Common solvents, like anhydrous hexane, 
chloroform, methanol, ethanol, acetone, toluene, chlorobenzene, and dichlorobenzene, 
are purchased from Aldrich, TCI and Fisher Scientific. 
3.2.2 Synthesis of PbSe Nanocrystals and Nanowires with Shape Control 
    All syntheses were carried out with standard air-free technique (Schlenk line). The 
following purification and size selection processes were performed in a nitrogen-purged 
glovebox. The synthesis of mono-dispersed PbSe nanocrystals and nanowires was carried 
out via hot-injection method developed by Cho and Murray15 with some modifications.  
I. Synthesis conditions were adjusted to control the size and shape of PbSe nanocrystals. 
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1. The typical synthesis routes for quasi-spherical PbSe nanocrystals consisted of the 
following steps: 
1) Preparation of selenium precursor: 7.86g Selenium were dissolved in 100mL 
trioctyl phosphine (TOP) at 50 °C over 3 hours inside the glovebox to prepare 1M 
stock solution of trioctylphosphine selenide (TOPSe).  
Preparation of lead precursor: 0.56g lead acetate trihydrate were dissolved into 10 
mL squalane in the presence of 1mL oleic acid. Alternatively, lead oxide (PbO) can 
be used to substitute lead acetate trihydrate and diphenyl ether (DPE) can substitute 
squalane. This stock solution was heated to 85ºC for 30minutes to 1 hour under 
vacuum (<10-3 mbar) to dry the solution.   
  2) Lead precursor solution was heated to 180°C and 4.5 mL of 1 M solution of 
TOPSe in TOP were rapidly injected under vigorous stirring. The injection 
temperature and growth time can be adjusted to control the size of the nanocrystals. 
The total growth time was usually 3-10 minutes. 
  3) After the desired size is achieved, the reaction was then quenched using a cold 
water bath. The crude product was purified and separated by adding a small volume 
of hexane and ethanol, followed by centrifugation and dissolution of the precipitate 
in hexane. Further purification and size selection of the product can be achieved by 
several redissolving-centrifuging cycles in hexane, ethanol and acetone solution.  
2. Synthesis of cubic PbSe nanocrystals  
    0.44g lead oxide and 2mL oleic acid were added to 10 mL diphenyl ether and heated 
to 85°C for 30 min under vacuum. After cooling to 60°C, lead oleate solution was mixed 
with 4mL 1M TOPSe in TOP. Approx. 70% of this solution was swiftly injected into 
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8mL of diphenyl ether which had been pre-heated to 200°C.  Quenching and purification 
processes were similar as above. 
3. Synthesis of star shape PbSe nanocrystals  
0.44g lead oxide and 2mL oleic acid were added to 10 mL octadecene and heated to 
85°C for 30 min under vacuum. After cooling to 60°C, lead oleate solution was mixed 
with 4mL 1M TOPSe in TOP. Approx. 50% of this solution was swiftly injected into a 
mixed solution of 0.8mL of octanoic acid and 8ml octadecene which had been pre-heated 
to 200°C. Quenching and purification processes were similar as above. 
II. Synthesis of PbSe nanowires with shape control  
    1. Synthesis of zig-zag and helical PbSe nanowires  
    0.44 g of lead oxide and 2mL of oleic acid were dissolved in 10mL of phenyl ether 
and heated to 85°C for 30 min under vacuum to form lead oleate and dry the solution. 
After cooling to 60 °C, the lead oleate solution was mixed with 4mL of 0.167 M TOPSe 
solution in TOP. Then the mixture was rapidly injected into a hot (240 °C) solution 
containing 8mL of phenyl ether and 1-2g dissolved hexadecylamine (HDA), under 
vigorous stirring.  
    2. Synthesis of undulated, star shape and straight wires  
    Similar as the synthesis of zig-zag and helical PbSe nanowires, the same amounts of 
Pb:Se precursors and oleic acid were used with modifying the co-surfactants to control 
the shape of the nanowires. No co-surfactants were added to the reaction mixture in the 
case of undulated nanowires. 0.8mL octanoic acid was added to 8mL phenyl ether to 
synthesize star shape branched nanowires. 0.1g n-tetradecylphosphonic acid (TDPA) was 
added to 8mL phenyl ether to synthesize straight nanowires. 
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3.2.3 Direct Synthesis of PbSe Nanocrystals in P3HT Solution 
    The lead precursor was prepared by dissolving 100mg lead acetate trihydrate and 
10mg P3HT in either 5.5mL 1-octadecene (ODE) and dichlorobenzene (DCB) mixture 
(10:1 volume ratio) or 12mL dimethylsulphoxide (DMSO) and DCB mixture at 1:2 
volume ratios. In a second flask, a selenium precursor (1M) was prepared by dissolving 
selenium powder in TOP. Both solutions were heated for 1 h at 180°C under vigorous 
stirring. Then, 0.8mL of the selenium precursor was rapidly injected and left to react for 3 
minutes at 150°C and finally quenched by ice/water bath. 
3.2.4 Characterization 
    Cyclic voltammograms were obtained employing a three electrode C3 cell stand and 
Epsilon electrochemical workstation. To prepare the sample for measurements, a PbSe 
nanocrystal solution was drop cast onto a platinum electrode and dried in the vacuum 
chamber. For ligand exchanged samples, the electrode with a PbSe nanocrystal film was 
first immersed in the ligand (short thiols, hydrazine and pyridine) containing acetonitrile 
solution for various times (10min – 2h) and then rinsed with acetonitrile before the 
measurements. Concentrations used (in 1mL acetonitrile): ethane-1,2-thiol 
(0.18µL/1mL), thiophenol (1.02µL/1mL), ethanedithiol (0.84µL/1mL), benzene-1,4-
dithiol (4.98mg/1mL), hydrazine (64µL/1mL). For pyridine, pure pyridine was used 
without dilution with acetonitrile. 
    Absorption spectra were measured using a Varian Cary 5000 UV-Vis-NIR 
spectrophotometer. Photoluminescence (PL) spectra were measured on a Fluorolog 3 
spectrofluorometer (HORIBA Jobin Yvon, Ltd.) upon excitation at 550 nm. TEM 
(Transmission electron microscopy) images were obtained using a JEM-1400 at 120kV.  
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    Sample preparation for XRD measurement: Si/SiO2 substrate was prepared as in 
Chapter 2. 50 µL of as-synthesized PbSe were drop-cast from chloroform on the pre-
cleaned silicon wafers and allowed to dry. XRD were performed using monochromatic 
CuKα beam radiation (wavelength: 0.154 nm) from a Rigaku SmartLab at 40 kV and 30 
mA. 
3.2.5 Device Fabrication and Characterization 
    P3HT/PbSe blend hybrid solar cells were fabricated on ITO coated glass substrates. 
The cleaning and PEDOT:PSS deposition was similar as described in Chapter 2. For the 
active layer, a) P3HT:PbSe mixture in chloroform (30mg/mL, approx. weight ratio: 1:2) 
or b) P3HT in chloroform (10mg/mL) or c) P3HT:PCBM mixture in chlorobenzene 
(17mg/mL, weight ratio: 1:1) were typically used for the active layer. The blend solution 
was deposited by spin-coating on top of the PEDOT:PSS layer at 1500 rpm for one 
minute and then annealed at 140 °C for 20 min and dried under vacuum.  
    Current-voltage characteristics of the photovoltaic cells were acquired using a Keithley 
2400 source-meter under the illumination of AM 1.5G solar simulated light (1 sun, 100 
mW/cm2) in air or in the nitrogen box.  
 
3.3 Results and Discussion 
3.3.1 Synthesis of PbSe Nanocrystals and Nanowires with Shape Control   
    To prepare materials for hybrid solar cells, nanocrystals and nanowires were 
synthesized via hot injection methods. The design of nanocrystal synthesis follows the 
mechanism for the formation of nanocrystals from a homogeneous, supersaturated 
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medium proposed by La Mer and coworkers16. As shown in Figure 3.1, this mechanism 
suggests a 2-stage process, involving a nucleation period and a growth period. At the 1st 
stage, a quick injection of TOPSe (trioctylphosphine selenide) into the lead precursor 
solution at high temperature increases the monomer concentration rapidly, resulting in an 
abrupt super-saturation of PbSe monomer for a brief period. A quick burst of nucleation 
event occurs with the formation of a large number of nuclei. This process consumes the 
monomer reactants quickly and lowers the concentration below the nucleation level. Then 
it enters the 2nd stage - growth regime, which allows the nanocrystals to grow further at a 
slow rate. Separation and controlling of the growth regime by adjusting reagent 
concentration, growth temperature and growth time are essential to achieve a narrow 
distribution and high monodispersity of the final product. At the growth stage, 
nanocrystals grow at a rate that is inversely proportional to the nanocrystal size17. 
Therefore smaller nanocrystals grow faster than the larger nanocrystals, narrowing the 
size distribution. When the reactant concentrations were depleted below the critical 
monomer concentration (Cc), Ostwald ripening occurs18, 19. Larger nanocrystals grow and 
smaller nanocrystals dissolve, widening particle size distributions. To minimize this 
defocusing effect, the concentration of monomer needs to be kept above Cc by controlling 
reaction time, and/or supplying additional precursor when the monomer concentration is 
too low in order to achieve the desired size with a focused distribution17. In the 
experiments, aliquots were taken during the reaction and size and dispersity were 
checked with TEM to determine the optimal growth time. A second drop-wise injection 
during the growth stage was also used to narrow the size distribution when necessary.  
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Figure 3.1. Schematic diagram illustrating synthesis of nanocrystal in colloid solution 
via hot injection method, showing the nucleation and growth region. 
 
    The synthesis of PbSe is based on the reaction between two precursors, lead oleate and 
trioctylphosphine-selenium, in the presence of long-chain surfactants. The oleic acid and 
the trioctylphosphine (TOP) are bound to the metal (Pb) and the chalcogenide (Se), 
respectively, to form the two precursors. Surfactants control the reaction rate and prevent 
aggregation between nanocrystals during reactions and stables the synthesized 
nanocrystals. Shape control of nanocrystal was achieved mainly through the adjustment 
of reaction temperature, growth time and surfactant. Shape-transition of nanocrystal from 
quasi-spherical to octahedrons to cubic occurs with increasing nanocrystal diameter as 
has been reported.15, 20 The macroscopic PbSe has a cubic, rocksalt-type structure due to 
the lower surface energy of {100} facets than higher index {111} planes21. However, 
total stabilizing lattice energy is lower in the bulk than that on the surface because of the 
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high energy edges and corners. The balance between the force of maximizing {100} 
facets and the force of reducing edges and corners leads to the evolution of shapes of 
PbSe. It is predicted that when the size is small, the nanocrystals tend to exhibit quasi-
spherical shape to minimize the surface:volume ratio. As the size increases, it will favor 
the formation of cubic structure to maximize {100} facets. The TEM image shown in 
Figure 3.2(a,b) confirmed this theory. For the star shape nanocrystals, shown in Figure 
3.2(c), octanoic acid has been used as a co-surfactant with oleic acid. The star shape 
product is the result of faster growth of {100} facets than {111} facets. This may be 
attributed to blocking of {111} facets by octanoic acid, which decreases the growth rate 
along this direction. This mechanism was initially proposed by Cho et al., who used 
primary amines to assist the formation of star shape PbSe nanocrystal.15 PbSe 
nanocrystals with different sizes (quasi-spherical) have also been synthesized and 
characterized. The absorption spectra of PbSe nanocrystal in Figure 3.2(f) indicate strong 
quantum confinements. The quantum confined optical property provides a convenient 
way to tune the absorption of nanocrystal to maximize the overlap with the solar 
spectrum. And the absorption in the red/infrared region compensates the absorption of 
widely used polymer, for example P3HT and MEH-PPV, which only absorbs in the 
visible range, in the hybrid solar cell.  
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Figure 3.2. TEM images of PbSe NCs with different shapes (a) quasi-spherical 
nanocrystals, (b) cubic nanocrystals and (c) star shape nanocrystals; (d) Schematic 
illustration of synthesis of nanocrystal in solution via hot injection; (e) Photo of 
N2/vacuum Schlenk line for air sensitive synthesis; (f) Size dependent UV-Vis 
absorption spectra of PbSe nanocrystals, red shifting with increasing nanocrystals sizes 
due to quantum confinement effects (approx. nanocrystal size: 3.6nm, 5.4nm, 7.6nm, 
from bottom to top) Scale bar: (a) 20nm (b) 50nm (c) 200nm  
 
    PbSe nanowires with different shape and morphology have also been synthesized. 
During the synthesis, surfactants, reaction temperature, growth time, Pb:Se ratio and 
concentration all played important roles in the shape control of nanowires. A number of 
nanowires with different shapes and reaction conditions are shown in Figure 3.3. The 
mechanism for the formation of final elongated products can be explained using the 
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hypothesis of dipole moment induced oriented attachment of nanocrystals15, which 
suggests the dipolar interaction of nanocrystal provides the driving force for the 
nanocrystals to attach to each other in a specific direction. Taking branched nanowires for 
example, it first formed star shape PbSe nanocrystal with the assistance of co-surfactant 
as described in the last paragraph. PbSe nanocrystals are believed to possess a dipole 
moment because they lack central symmetry due to noncentrosymmetric distribution of 
Pb and Se terminated {111} facets15. The dipolar interaction will then drive the alignment 
and assembly of nanocrystals along its direction under high growth temperature. TEM 
images presented in Figure 3.3 confirmed this hypothesis. In Figure 3.3(b), which was at 
the earlier stage of nanowires formation, the star shape nanocrystals started to attach 
along <100> crystallographic direction, and formed nanorods and short nanowires. As the 
chaining process continued, the majority of nanocrystals would attach to each other, 
forming long branched nanowires. (Figure 3.3(e))  
    So far, through adjusting co-surfactant, reactants ratio/concentration and reaction 
temperature and growth time, PbSe NCs with excellent tunability in size and NWs in 
different shapes has been synthesized. The next step would be exploration of this material 
in solar cell applications. 
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Figure 3.3. TEM image of (a) Chaining process begins with quasi-spherical nanocrystal 
as building blocks (b) Chaining process of star shape nanocrystal as building blocks (c) 
Undulated nanowires (d) Zigzag/Helical nanowires (e) Branched nanowires (f) Straight 
nanowires. Inset shows a zoom-in view of the nanowires. (co-surfactants used for each 
shape: undulated (no co-surfactant); zig-zag/helical (hexadecylamine); star shape 
branched (octanoic acid); straight (n-tetradecylphosphonic acid); Scale bar: (a) 100nm (b) 
100nm (c) 50nm (d) 100nm (e) 100nm (f) 500 nm  
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3.3.2 Current-Voltage Characterization and Photovoltaic Performance 
Comparison 
    Bulk heterojunction solar cells were fabricated and characterized with the device 
structure of ITO/PEDOT:PSS/P3HT:PbSe/LiF/Al. A thin layer of LiF (1nm) was used to 
reduce the work function of Al from 4.2 eV to 3.5 eV22 to facilitate electron injection. 
The PEDOT:PSS serves as hole transport layer and smoothes the surface between ITO 
and active layer23, 24. Figure 3.4(a) shows the I-V curves of the devices for P3HT:PbSe 
blends with the typical photovoltaic performance. These devices demonstrated a low 
power conversion efficiency of 0.01-0.08% with Isc of 0.2-0.8 mA/cm2 Voc of 0.25-0.35 
V and FF of 0.25-0.38. This result is consistent with the performance of P3HT:PbSe 
based solar cells published by other researchers5,7,8. The variation of devices’ 
characteristics arises from several factors: 1) quality of PbSe nanocrystals varies. Due to 
the nature of wet-synthesis, the nanocrystals from different batches exhibited a small 
difference in size and concentration; 2) stock condition of PbSe nanocrystals solution. 
PbSe nanocrystals are sensitive to oxygen and may be oxidized with ambient air contact, 
which in turn leads to the formation of lead oxides and the loss of ligands and Pb atoms 
and therefore reduces the size of the nanocrystals25, 26. Surface oxygen can also 
potentially p-dope the PbSe nanocrystals to switch the polarity of nanocrystals27; (3) 
variations in the mixing and processing condition of device fabrication. TEM image 
(Figure 3.4(b)) was used to indicate the dispersity of PbSe nanocrystals in P3HT polymer 
matrix as in the film. PbSe formed superlattice and aggregation in small areas and may 
cause microscopic non-uniformity in the electrical properties across the interface.    
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  Based on the poor energy conversion efficiency which was lower than 0.1%, we 
hypothesized that sufficient charge separation may not exist between P3HT and PbSe, in 
which case a solar cell with P3HT alone as the active material will display a similar 
efficiency. To investigate the role of P3HT and PbSe nanocrystals, control devices of 
P3HT, PbSe, and P3HT/PCBM have been fabricated and studied.  Schottky solar cells 
were fabricated with the device structure of ITO/PEDOT:PSS/P3HT/LiF/Al. In this 
configuration, the charge separation mainly occurs at the interface between P3HT and 
metal electrode (Al). The P3HT devices demonstrated a power conversion efficiency of 
0.04% with Isc of 0.4 mA/cm2 and Voc of 0.3 V, and FF 0.35, which is in a comparable 
range with the performance of P3HT/PbSe heterojunction solar cells. These results 
indicate that PbSe nanocrystals may not provide the expected function as n-type material 
to introduce charge separation at the interface between P3HT and PbSe, while the charge 
separation occurs predominantly at the interface between P3HT and LiF/Al. PbSe 
Schottky solar cells have also been fabricated. However, the devices exhibited poor 
performance and shortcuts because of the rough surface in these early devices. To 
understand and compare an n-type material, PbSe nanocrystal was replaced with PCBM 
as the electron acceptor and solar cells based on P3HT and PCBM blends with same 
device layout were fabricated. PCBM is an excellent solution processable electron 
acceptor, with high electron affinity to support efficient charge separation at the p-n 
heterojunction28-29. Current-voltage characterization demonstrated a high power 
conversion efficiency of 2.9% with Isc of 13.9 mA/cm2, Voc of 0.46 V and FF of 0.45 as 
shown in Figure 3.4(d). The efficiency is nearly two-order of magnitude higher than that 
of P3HT:PbSe solar cells (0.01-0.08%). The large discrepancy between P3HT:PbSe and 
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P3HT:PCBM performance as bulk heterojunction solar cells and the similarity between 
P3HT:PbSe and P3HT performance provide the first evidence of the absence of charge 
separation between P3HT and PbSe. And we conclude that, for the PbSe NCs with 
specific size range we used (4-10 nm in diameter), P3HT:PbSe devices essentially 
function as single layer Schottky solar cells, rather than the expected heterojunction solar 
cells.  
 
Figure 3.4. (a) Representative current-voltage characteristics of P3HT:PbSe (red-blue 
shows device performance variation) hybrid solar cells (b) TEM image of P3HT:PbSe 
nano-composites, which represents the blends for P3HT:PbSe solar cell (c) Current-
voltage characteristics of P3HT Schottky solar cells (d) Current-voltage characteristics of 
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P3HT:PCBM bulk heterojunction solar cells. All devices were tested under the 
illumination of AM 1.5G, 100 mW/cm2. 
3.3.3 Optical Study 
To investigate whether there is photoinduced charge transfer between PbSe quantum 
dots and P3HT, photoluminescence (PL) quenching30 experiments were employed. P3HT 
has a strong spontaneous emission in the red region upon optical excitation. When in 
proximity to another acceptor material, a depletion layer will form at the interface, and 
therefore charge transfer will lead to the decrease in the intensity of PL signal. In 
addition, if the acceptor material has smaller bandgap and the absorption spectrum of the 
acceptor material overlaps with the emission spectrum of the donor material, energy 
transfer could occur, resulting in the decrease of the intensity of PL signal. The donor-
acceptor interfaces between 1) P3HT and PbSe and 2) P3HT and PCBM were compared. 
In Figure 3.5(b), the PL spectra of the P3HT film and a blend of P3HT and PCBM film 
showed that the PL of P3HT is quenched by nearly 80% when mixed with PCBM, 
compared with that of a pristine P3HT film. This indicates effective charge transfer 
between the two components, which is consistent with previous current-voltage 
characterization results of high efficiency solar cells. In contrast, in Figure 3.5(d), the PL 
spectra of P3HT and the P3HT:PbSe blended films show only 10-20% quenching in the 
PL signal. This small reduction more likely results from 1) absorption or scattering by 
PbSe and/or 2) the slight difference in film thickness (absorption peak of P3HT is slightly 
higher than that of P3HT:PbSe blend film (Figure 3.5(c)). The lack of PL quenching 
indicates the absence of both energy and charge transfer. We believe that there are two 
main factors which attribute to the lack of PL quenching and poor solar cell performance: 
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1) long oleate capping ligands around the PbSe nanocrystals surface may serve as an 
electrical insulating layer between PbSe and P3HT; 2) energy level alignment of P3HT 
and PbSe may not be suitable to form a type-II heterojunction for the efficient 
photoinduced charge separation at the interface. Both factors have been investigated and 
will be discussed in the next two sections. 
 
Figure 3.5. (a) Schematic diagrams showing the photoluminescence quenching process. 
(b) Photoluminescence spectrum, showing photoluminescence of pristine P3HT thin film 
is significantly quenched in the presence of PCBM (c) UV-Vis absorption spectra of 
P3HT and P3HT:PbSe film (d) Photoluminescence spectrum, showing no significantly 
quenching in the presence of PbSe.   
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3.3.4 Direct Synthesis of PbSe Nanocrystals in P3HT and Photovoltaic Application 
    To minimize the insulating effect of oleate surfactant, oleic acid free synthesis has 
been developed. The long oleate capping ligands around the PbSe nanocrystals surface 
may hinder charge transfer between the polymer and nanocrystals and cause the poor 
device performance. A novel method of synthesizing PbSe NCs/NWs using P3HT as the 
surfactant instead of oleic acid has been explored. In this synthesis, the electron donating 
sulfur of P3HT is anticipated to bind to Pb, forming a similar structure as lead oleate 
precursor. During the reaction, its long hexyl side chains will provide necessary steric 
hindrance to stabilize nanocrystal, aid growth and prevent large scale phase separation 
and precipitation. The as-synthesized PbSe:P3HT nano-composites can be readily used 
for solar cell fabrication without further treatment.   
    As the TEM image shown in Figure 3.6 (a), PbSe NCs elongated dots/short rods was 
obtained from synthesis with dimethylsulphoxide (DMSO) and dichlorobenzene (DCB) 
as co-solvents. And interestingly, the samples with short rods grow into microns long 
nanowires at room temperature after sitting for 24 hours in the glovebox (Figure 3.6(b)). 
As a comparison, PbSe synthesized with oleic acid is typically stable over weeks. The 
shape evolution is believed to result from dipole induced oriented attachment and 
colloidal self-assembly of the PbSe nanocrystals31 with weaker binding P3HT surfactant. 
Since DMSO is a coordinating solvent and P3HT has good solubility in dichlorobenzene, 
it is possible that the bound P3HT surface ligands are gradually released from the PbSe 
surface, promoting the growth of nanowires. Star/snow flake shape PbSe nanocrystals 
were obtained from synthesis with 1-octadecene, a high boiling point non-coordinating 
solvent. The difference in nanocrystal shape and morphology could be attributed to 1) 
different coordinating properties
Figure 3.6. TEM image of (a) as
surfactant and an anhydrous solution of dimethylsulphoxide (DMSO) and 
dichlorobenzene (DCB) (1:2 volume ratio) as 
sitting in the glovebox for 24 hours (c) oleic acid (OA) capped PbSe nanocrystal
sample c after sitting in the glovebox for 20 days (e,f) as
with P3HT as reaction surfactant 
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32
 and 2) different polarity of two solvent systems
-synthesized PbSe nanocrystals with P3HT as 
the reaction solvent (b) sample 
-synthesized PbSe nanocrystals 
using the high boiling point solvent, 1-
33
. 
 
a 
a after 
s (d) 
octadecene(ODE) 
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as the reaction solvent. Scale bar: (a) 50nm (b) 200nm (c) 50nm (d) 50nm (e) 50nm (f) 
20nm  
 
    Figure 3.7(a) shows X-ray diffraction (XRD) data of as-synthesized PbSe 
nanocrystal-P3HT composite (DMSO:DCB as solvents) and standard pattern for bulk 
PbSe structure (JCPDS card no. 6-0354). The strong (100) diffraction peak intensity 
around 2θ = 5.4° and the higher order (200) diffraction peak at 2θ = 10.8° indicates good 
semi-crystallinity for P3HT. The other 3 intense and sharp diffraction peaks can be 
assigned to (111), (200), and (220) planes corresponding to the bulk cubic structure of 
PbSe indicating high crystallinity of the nanocrystal. 
    To compare the performance of oleic acid free synthesized PbSe with previous 
experiment results, bulk heterojunction solar cells were fabricated and characterized. The 
as-synthesized P3HT:PbSe composite was washed with hexane, re-dispersed in 
chloroform and spin-coated on the ITO/PEDOT following standard fabrication procedure. 
Figure 3.7(b) shows the I-V curves of the devices for P3HT:PbSe composites. 
Unfortunately, these devices only demonstrated a low power conversion efficiency of 
0.015% with Isc of 0.15mA/cm2, Voc of 0.4 V, and FF of 0.25. Therefore, removing oleate 
capping ligands did not improve P3HT:PbSe devices performance. Further 
characterization is needed to determine if the direct synthesis of P3HT/PbSe is a 
promising route for solar cell applications. 
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Figure 3.7. (a) XRD pattern of PbSe synthesized in P3HT. JCPDS card no. 6-0354 for 
bulk PbSe structure is marked with red line for reference. (b) Current-voltage 
characteristics. As-synthesized solution was precipitated with hexane and then re-
dispersed in chloroform, and then was used as the active layer for a solar cell device. 
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3.3.5 Ligand Exchange of Wet Synthesized PbSe Nanocrystals and 
Characterizations 
One critical requirement for sufficient charge separation and transfer is the formation 
of favorable type II band alignment. To better align the energy levels of PbSe with P3HT, 
surface ligand exchange has been explored to tune the energy level positions of PbSe 
nanocrystals. A variety of organic molecules have been explored to adjust the energy 
levels/band position by introducing surface dipoles34, 35. However, most research has 
focused on the modification on 2-D bulk surfaces, with only a few research groups 
reporting successful band shifting controlled by ligand exchange treatment for colloidal 
nanocrystals such as InAs36 and PbSe NWs37. Here we explored 6 commonly used 
ligands, ethanethiol, thiophenol, benzenedithiol, ethanedithiol, pyridine, and hydrazine. 
Thiolates, pyridine and hydrazine have demonstrated the ability to tune the band position 
or to modify the surface and enhance the charge transfer at the interface36, 38-40. Figure 3.8 
depicts surface ligand exchange process with ethanethiol. 
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Figure 3.8. Schematic of surface ligand exchange process, showing the oleate ligands on 
PbSe surface replaced by much shorter thiolate. (Besides the dominated oleate ligands, 0-
5% of TOP may also be presented as capping agent26, which is omitted here in the 
cartoon.) 
 
    UV-Vis spectra of PbSe nanocrystal films have been measured to verify the 
preservation of quantum confinement after ligand exchange. Samples exchanged with 
ethanethiol, thiophenol, ethanedithiol, benzenedithiol and hydrazine retained most of the 
quantum confinement. However, the peak position and width has changed to different 
extents in these samples, among which ethanedithiol, benzenedithiol and hydrazine 
treated samples exhibit broader peaks post-exchange. Also, the absorption of PbSe was 
shifted to the red region, indicating possible aggregation and enhanced electronic 
coupling of nanocrystal during the treatment6. Among all six treatments, the pyridine 
exchanged sample lost quantum confinement, indicated by the largest broadening in both 
the red and blue regions, which could be attributed to 1) the increase in the nanocrystal 
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size distribution; 2) the additional wave function distortion caused by surface charges41; 
and 3) enhanced interparticle electronic coupling, which arises from the proximity of 
nanocrystals with shorter surface ligands42. 
 
Figure 3.9. UV-Vis absorption spectra of PbSe nanocrystal films on quartz with different 
capping ligands (OA: oleic acid, ET: ethanethiol, TP: thiophenol, BDT: benzenedithiol, 
EDT: ethanedithiol, N2H4: hydrazine and Py: pyridine) 
 
    Electrochemical measurements were used to study the electronic structure of PbSe 
before and after ligand exchange, and to characterize the alignment of its energy levels 
relative to P3HT. Figure 3.10(a-c) shows cyclic voltammograms collected for drop cast 
films of PbSe nanocrystals with different capping ligands on a platinum working 
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electrode. The HOMO value was derived based on the oxidation peak. For 
benzenedithiol, the peak onset (relative to oleate capped PbSe) has been used to calculate 
the HOMO value because of the broadening of peak. The LUMO value was calculated by 
adding the optical bandgap to the HOMO value. The results are summarized in Table 3.1. 
Based on these measurements, most of the PbSe samples (OA capped or ligand 
exchanged) do not provide favorable energy levels to form type-II heterojunction with 
P3HT, which has LUMO of -3.1eV and HOMO of -5.1 eV. Only benzenedithiol and 
pyridine exchanged samples indicate a favorable shift moving the bandgap below 5.1eV 
(P3HT HOMO). However, this is not sufficient to claim that the exchanged PbSe forms a 
type-II heterojunction with the commonly studied polymers P3HT. The reasons include: 
1) even for the lowest HOMO obtained, -5.17eV is close enough to P3HT HOMO (-
5.1eV) and charge transfer direction remains unknown; 2) the P3HT HOMO value is 
calculated based on the onset of peak, and there are a lot of debates on the real value 
relative to vacuum7, 8, 43; 3) influences of solvents, ions, and surface effects are present in 
electrochemical measurements, and interfacial chemistry and interactions between the 
materials in blends in working solid-state devices also play important roles for band 
alignment44. Consistent with these complications, the devices I-V characterization with 
exchanged PbSe didn't show any improvements to suggest the existence of photo-induced 
charge transfer at the interface. These findings about the lack of induced charge transfer 
is consistent with the results reported by Ginger et al.45 around a similar time. 
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Table 3.1. Optical and electrochemical properties of PbSe after ligand exchange 
 
Modifying 
Ligand 
Absorption 
(nm) 
HOMO 
(eV) 
LUMO 
(eV) 
Eg (eV) 
oleic acid 1955 -5.02 -4.39 0.63 
ethanethiol 1938 -4.97 -4.33 0.64 
thiophenol 1930 -5.06 -4.42 0.64 
ethanedithiol 1940 -5.04 -4.4 0.64 
benzenedithiol 1970 -5.17 -4.54 0.63 
hydrazine 1989 -5.02 -4.4 0.62 
pyridine 1950 -5.14 -4.5 0.64 
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Figure 3.10. (a-c) Cyclic voltammograms of OA capped (untreated) PbSe and ligand 
exchanged PbSe with different ligands, measured as a thin film on a platinum working 
electrode in an acetonitrile solution of 0.01 M TBAPF6. (d) Energy level alignment of 
P3HT and PbSe (with various treatment), value derived from cyclic voltammograms, in 
reference to vacuum. 
 
3.4 Conclusion 
    In conclusion, we explored the synthesis and photovoltaic application of PbSe 
nanocrystals in combination with P3HT and discussed the charge transfer at the interface. 
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Wet chemical routes were used to synthesize PbSe nanocrystals tunable in size and shape 
by tailoring the reaction temperature, growth time and selection of surfactants. PbSe 
nanowires were also synthesized through oriented attachment in solution of nanocrystal 
building blocks to form straight, zigzag, helical, and branched nanowires. Near-IR 
sensitive PbSe nanocrystals were integrated with the organic semiconductor P3HT to 
fabricate organic-inorganic bulk heterojunction solar cells. Even after optimization, solar 
cell performance was poor, with efficiency around 0.05% which is similar to the 
performance of P3HT Schottky cell. And this efficiency is consistent with the values 
reported by other researchers using PbSe nanocrystal and polymer blends in 
heterojunction solar cells. The low and comparable efficiency of P3HT/PbSe devices and 
P3HT only devices suggests that the working mechanism for P3HT/PbSe blends lean 
towards Schottky diode solar cells rather than the bulk heterojunction solar cells as 
previously expected. Consistent with that, results of photoluminescence quenching 
experiments also suggested a lack of charge transfer in blends of PbSe NCs and P3HT. 
Long oleate capping ligands on PbSe surface serve as an insulating layer and may hinder 
the charge transfer at the interface. To minimize its influence, a novel route of direct 
synthesis of PbSe nanocrystal/nanowires in polymer P3HT solution without oleic acid 
and postsynthetic solid exchange with short capping ligand to replace oleic acid has been 
explored. However, the direct synthesized PbSe/P3HT blends did not yield better device 
performance, indicating that the oleate insulation may not be the only cause of the low 
performance. Electrochemical and current-voltage characterization reveals a 
misalignment of the two materials and a possible type I band alignment, which is 
unfavorable for charge separation in solar cell application. Nanowires typically exhibit 
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narrower bandgap than that of nanocrystal because of the large size of the core (diameter 
of nanowires).4 So it will move the band towards even more unfavorable position (higher 
lying HOMO of acceptor) for type II heterojunction formation, which is the reason why 
we decide not to further pursue the application of PbSe nanowires in the P3HT:PbSe 
hybrid solar cells. Therefore we conclude that the absence of photoinduced charge 
transfer and misalignment of energy levels in P3HT/PbSe system suggests 
incompatibility of these two materials to form efficient heterojunction solar cells for the 
specific PbSe NCs size range (4-10 nm) that we used. It is worth to mention that, by 
introducing PbSe NCs with even smaller size (1-3 nm), it is possible to increase the 
bandgap and shift the HOMO level of PbSe towards a more favorable position when 
combined with P3HT. Recently, the Alivisatos lab reported the improvement of open 
circuit voltage and significant enhancement of PbSe Schottky device performance using 
the concept of “ultrasmall” size NCs46. And for PbSe NCs/P3HT solar cell devices, 
adopting NCs with ultrasmall sizes could potentially overcome the band mismatch 
challenge.  Beyond the ligand exchange work shown above, FT-IR and photocurrent 
measurements will be useful to understand surface chemistry and how interface structure 
affects charge transfer and carrier recombination. Time-resolved microwave conductivity 
measurements and photoinduced absorption spectroscopy will also give a better 
understanding of photoinduced charge separation at the interface between the nanocrystal 
and P3HT. Direct synthesis in P3HT provides a promising approach for many wet 
chemical nanocrystal synthesis. The self-assembly process and dipole induced attachment 
should be further investigated to have a better control over size and shape to tune the 
optical and electrical properties. The Se precursor, TOPSe, can be replaced with TBPSe 
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(tributyl phosphine selenide) to study the role of TOP ligands in this synthesis route. 
Oriented dipole induced attachment in polymer solution under electric field with either a 
lateral or vertical structure may provide us new understanding of the assembly 
mechanism, charge transport and charge transfer (for example, monitoring PL quantum 
yield and decay for polymer when slowly annealing quantum dot in polymer matrix), and 
opportunity for interesting applications such as organic light emitting field effect 
transistors.  
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Chapter 4 
Study of Organic-Inorganic Hybrid Solar Cells Based on P3HT and 
Thiocyanate-capped CdSe Nanocrystal   
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4.1 Introduction 
Organic-inorganic hybrid solar cells offer excellent flexibility for chemical 
modification and different material combinations to optimize optical and electrical 
property. For the inorganic component, colloidal semiconductor nanocrystals serve as the 
most promising candidate for the electron acceptor1-4. In Chapter 3, we have investigated 
P3HT/PbSe system and concluded that the lack of photoinduced charge transfer and 
misalignment of energy levels in P3HT/PbSe system suggests incompatibility of these 
two materials for efficient heterojunction solar cells. For the next step, CdSe nanocrystals 
were investigated to explore the surface chemistry, quantum confinement and processing 
condition effects on the device performance. Among the inorganic nanocrystal materials, 
CdSe nanocrystals possesses three distinctive advantages: 1) tunable absorption covering 
the entire visible spectrum range5, 2) low lying HOMO and LUMO levels which makes it 
a good electron acceptor6 and 3) wet-synthesis route has been established to allow control 
of the size and shape of CdSe nanocrystals7, 8. In theory, P3HT/CdSe hybrid solar cells 
should perform better than the P3HT/PCBM system due to higher absorption coefficient 
of inorganic semiconductor nanocrystals and its higher intrinsic electron mobility9 than 
that of PCBM10. However, the current performance of polymer/nanocrystal hybrid solar 
cells in the field is relatively poor compared to the polymer/fullerene based devices3, 4, 11, 
12
. Our goal is to adopt different surface treatment methods and new device design to 
overcome the bottlenecks which limit solar cell efficiency. 
One major challenge is to remove the long capping ligands used during the synthesis of 
CdSe nanocrystals, which works as electrical insulating layers and impedes efficient 
electron transport in the solar cell. To overcome this drawback, extensive research has 
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been carried out to develop ligand exchange methods using shorter capping ligands to 
reduce the interparticle distance and facilitate electron transport within inorganic 
nanoparticle network and increase charge separation at the polymer-CdSe interface. 
Materials for ligand exchange, such as pyridine3, 13, thiols14, 15, amines4, 16 and chloride17 
have been investigated and brought the power conversion efficiency to 1.8% for 
P3HT/CdSe quantum dots (QDs) by utilizing pyridine and butylamine ligand exchange4. 
Recently, several non-ligand-exchange alternative approaches have also been explored to 
remove the long capping ligands. Zhou and Krüger demonstrated a post-synthetic 
hexanoic acid wash treatment to remove the long hexadecylamine capping group on 
CdSe QDs and achieved power conversion efficiency of 2.0% for P3HT/CdSe QDs 
hybrid devices18. The other research effort involves utilizing weak binding ligands that 
can be removed by thermal treatment or aging. Seo and Prasad reported a thermal 
decomposition method to cleave the ligands, which improved power conversion 
efficiency of P3HT:CdSe bulk heterojunction solar cell from 0.21% to 0.44% 19. 
Besides surface treatments, the morphology control of nanocrystals has proven to be 
critical to enhance the power conversion efficiency of solar cells. The ideal nanocrystal 
structure shall provide high interfacial area for charge separation between donor and 
acceptor and directional percolation pathways perpendicular to the substrate for electron 
transfer, as discussed in the previous chapters. Huyuh and Alivisatos have reported a 
substantial enhancement of CdSe hybrid solar cell efficiency by replacing CdSe quasi-
spherical quantum dots with elongated nanorods and achieved an impressive efficiency of 
1.7%3. In addition, 3-dimentional branched CdSe nanoparticles have also been 
investigated to further improve the efficiency of hybrid P3HT:CdSe solar cells to 2.2 %20. 
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It is worth noting that, besides the optimization of CdSe nanocrystals, several labs have 
also reported the synthetic efforts on the small organic molecule/polymer components 
with high hole mobility and extended light absorption for the solar cells which also led to 
enhancement of device performance21, 22. However, these are beyond the scope of our 
study in this chapter. 
Most research effort of efficiency improvement on P3HT and CdSe nanocrystals are 
based on bulk heterojunction devices. In the bulk heterojunction structure, the challenge 
of miscibility of organic and inorganic components, the difficulty to control nanoscale 
morphology, and environmental concerns of the toxicity of commonly used pyridine for 
ligand exchange treatment, all greatly limit its potential application and call for new 
strategy.  
Here we took advantage of the thiocyanate solution exchange method recently 
developed by Dr. Aaron Fafarman in our lab, and used orthogonal solvents to fabricate a 
novel, solution-processable bilayer device via sequential spincoating. This technique 
provides two distinct advantages to the basic research and applied science field: 1) it 
allows investigation into the role of the separate components and interfaces in a 
controllable manner, and 2) in practice, the ability to optimize absorption, mobility and 
morphology of both layers independently and the ease of sequential solution processes 
are important for large-scale and low cost manufacturing of organic solar cells. In this 
chapter, the photovoltaic application of thiocyanate capped CdSe nanocrystals in 
combination with P3HT in the bilayer device is demonstrated. Several key factors that 
influence device performance, such as nanocrystal size and intermixing between the two 
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components (diffuse bilayer heterojunction) will be discussed in detail. Preliminary 
results of inverted bilayer solar cells will also be discussed. 
 
4.2 Experimental Section     
4.2.1 Synthesis of CdSe Nanocrystals  
    Cadmium selenide (CdSe) nanocrystals were synthesized by Benjamin T. Diroll from 
Dr. Christopher B. Murray lab. A modified procedure from literature8, 23 has been used.   
“In a typical reaction, 20.0 g of trioctylphosphine oxide, 20.0 g of octadecylamine, and 
2.1 g of cadmium stearate were dried under vacuum at 120°C for 1 h and then heated to 
320°C under nitrogen, whereupon 10.0 mL of 1.25 M selenium in tributylphosphine 
solution was rapidly injected. Growth was continued at 290°C.”[Adapted from Ref.23] 
4.2.2 Thiocyanate ligand exchange of CdSe Nanocrystals  
    The thiocyanate ligand exchange process is adapted from the method developed and 
published by Aaron T. Fafarman in our lab. For the typical solution exchange, the 
procedure below was followed23:  
    NH4SCN (Acros, 99.9%) was purified by recrystallization from anhydrous 
isopropanol. 3-4 mL of NH4SCN solution (100 mM in acetone) was added to 6 mL of a 
dispersion of CdSe nanocrystal in hexanes (to control the concentration, CdSe solution 
has been diluted/concentrated to have an optical density around 10 per cm3 of solution at 
the lowest energy excitonic absorption peak). The mixture was stirred at 3000 rpm for 2 
min with vortex mixer. The solution turned cloudy quickly, showing phase separation of 
CdSe nanocrystals from the solution. Then it was centrifuged 2000 × g for 1 min. After 
decanting the clear supernatant, CdSe nanocrystals was re-dispersed in 10 mL 
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tetrahydrofuran (THF), stirred at 3000 rpm for 2 min and then centrifuged 2000 × g for 1 
min to precipitate the CdSe nanocrystals, followed by the similar purification process 
with toluene and finally re-dispersed in dimethylformamide (DMF). The exchanged CdSe 
nanocrystals in DMF solution is not very stable and starts to precipitate over 1 h because 
of particle aggregation23. So the fresh thiocyanate exchanged CdSe nanocrystals was 
always used within minutes after ligand exchange. Due to the air sensitivity of CdSe 
nanocrystals, all steps were performed inside of the nitrogen glovebox.  
4.2.3 Characterization 
    Cyclic voltammograms were obtained employing a three electrode C3 cell stand and 
Epsilon electrochemical workstation. To prepare the sample for CV measurements, CdSe 
nanocrystals solution was drop-cast onto platinum electrode and dried in the vacuum 
chamber. Absorption spectra were measured using a Varian Cary 5000 UV-Vis-NIR 
spectrophotometer. Photoluminescence (PL) spectra were measured on a Fluorolog 3 
spectrofluorometer (HORIBA Jobin Yvon, Ltd.) upon excitation at 450 nm. TEM 
(Transmission electron microscopy) images were obtained using a JEM-1400 at 120kV. 
AFM (Atomic force microscopy) measurements were carried out using a Digital 
Instruments Multimode AFM operated in tapping mode.  
4.2.4 Device Fabrication and Characterization 
    Both bilayer and bulk heterojunction solar cells have been fabricated. The whole 
process was performed inside of the nitrogen filled glovebox except for the ITO cleaning 
step and PEDOT:PSS deposition step. 
(1) Regular bilayer solar cells (ITO/PEDOT/P3HT/CdSe/ Al) 
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    The substrate cleaning and PEDOT:PSS deposition was similar as described in 
Chapter 2. For the active layers, P3HT (5mg/mL in chlorobenzene) was first spin-cast on 
the PEDOT:PSS coated ITO glass at 1000 rpm for 10 s to 1 min, followed by the 
spincoating deposition of CdSe nanocrystals at 800 rpm for 1 min from DMF. For the 
bilayer structure, P3HT was annealed before CdSe nanocrystals deposition at 140°C for 
10 minutes followed by CdSe nanocrystals deposition and a 2nd annealing at 140°C for 10 
minutes. For the diffuse bilayer structure, P3HT was kept wet without any annealing 
before depositing the CdSe layer. Then the active layer (P3HT/CdSe) was simultaneously 
annealed at 140°C for 20 minutes. A back electrode of 80 nm aluminum (Al) as cathode 
was deposited as described in Chapter 2.  
 (2) Inverted bilayer solar cell (ITO/TiO2/CdSe/P3HT/Au) 
    The substrate cleaning was similar as described in Chapter 2. After thoroughly 
cleaning, a 40 nm TiO2 was deposited by the Atomic Layer Deposition (ALD, Cambridge 
Nanotech Savannah 200) on the ITO glass at 200°C to modify the ITO for electron 
injection. Then the ITO/TiO2 electrode was transferred into glovebox, and a thin layer 
(approx. 40 nm) of CdSe nanocrystals was spin-cast on top of TiO2, followed by the 
deposition of P3HT layer and annealing at 140°C. A back electrode of 60-80 nm gold 
(Au) as anode was deposited through the shadow mask. 
(3) Heterojunction solar cells (ITO/PEDOT/pentacene:CdSe/Al)  
    The substrate cleaning and PEDOT:PSS deposition was similar as described in 
Chapter 2. For the active layer mixture, 1 volume of pentacene precursor (13,6-N-
sulfinylacetamidopentacene) dissolved in chloroform (15mg/mL) was mixed with 1 
volume of thiocyanate capped CdSe nanocrystals in DMF (optical density around 60), 
138 
 
followed by the spincasting of this mixture onto the PEDOT:PSS layer. Then the devices 
were baked at 200 °C for 90 s to anneal the device and convert the pentacene precursor 
(13,6-N-sulfinylacetamidopentacene) to pentacene. A back electrode of 80 nm aluminum 
(Al) as cathode was deposited as described in Chapter 2.  
    Current-voltage characteristics of the photovoltaic cells were acquired using a Keithley 
2400 source-meter under the illumination of AM 1.5G solar simulated light (1 sun, 100 
mW/cm2) in air or in sealed nitrogen cell.  
 
4.3 Results and Discussions 
4.3.1 Effect of CdSe Nanocrystal Size on Bilayer Devices Performance  
    To enhance photoconductivity of CdSe nanocrystals and facilitate charge transfer 
between CdSe nanocrystals and P3HT, solution ligand exchange with thiocyanate has 
been used to replace the traditional pyridine exchange approach. Wet-chemically 
synthesized CdSe nanocrystals are often capped with long, insulating surfactants such as 
trioctylphosphine oxide or oleic acid or octadecylamine. We have used NH4SCN for the 
exchange in which the thiocyanate replaces the original capping group. Prior to exchange, 
CdSe nanocrystals are passivated by different types of ligands with a hydrophobic tail of 
one or several alkyl chains which form stable suspension in non-polar solvents such as 
hexane or toluene. After ligand exchange, the capping hydrophobic ligands are replaced 
by thiocyanate, causing the CdSe nanocrystals to precipitate out from non-polar solvents. 
After adding polar solvents such as DMF and DMSO, short, negatively charged 
thiocyanate can dissociate from the surface of the nanocrystal and form electrostatic 
double layer with the localized positive charges on the nanocrystal surface, which 
139 
 
stabilizes the nanocrystal dispersion in solvents via electrostatic repulsion23. Therefore 
thiocyanate capped CdSe nanocrystals will only be dispersible in polar solvents. 
    Figure 4.1(a,b) shows the schematic of device layout and the energy level diagram 
constructed from the reported work functions of electrode materials ITO/PEDOT:PSS 
and Al24, 25, and reported HOMO and LUMO energies derived from cyclic 
voltammograms for CdSe nanocrystals and P3HT6. When blended with P3HT, both 
HOMO and LUMO of CdSe nanocrystals lies below those of P3HT, forming an effective 
type II heterojunction at the P3HT and CdSe nanocrystals interface with 0.1-0.4 eV 
LUMO offset for efficient exciton separation and charge transfer and a high built-in 
potential (1.6-1.9 eV) that is larger than the built in potential of the extensively studied 
P3HT:PCBM system (0.7-1.3 eV as calculated from the reported ranges for the HOMO 
level of P3HT and the LUMO level of PCBM), which is favorable to increase the open 
circuit voltage26, 27. Absorption and photoluminescence spectra of P3HT and CdSe 
nanocrystals (approx. 4.5 nm in diameter) in thin film are shown in figure 4.1(c).  
    To investigate whether thiocyanate ligand exchange affects the size distribution of 
CdSe nanocrystal, the absorption spectrum of CdSe film before and after ligand exchange 
was characterized. Before ligand exchange, the synthesized CdSe nanocrystals exhibit 
fine resolution of the second excitonic peak and narrow full width at half-maximum 
(FWHN, 30 nm) of emission peak, indicating that the CdSe nanocrystal has a narrow size 
distribution. The first exciton peak occurs at 599 nm for the as-synthesized raw CdSe 
nanocrystal thin film. After the thiocyanate ligand exchange, the first exciton absorption 
peak of CdSe thin film is shifted to 606nm. The 7nm red shift of the first excitonic peak 
suggests enhanced interparticle electronic coupling, which arises from the proximity of 
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nanocrystal with shorter surface ligands28. The narrow first exciton peak indicates the 
thiocyanate ligand exchange process preserved the quantum confined optical property 
and narrow size distribution of CdSe nanocrystals. 
  The shift between absorption peak and photoluminescence peak is known as the Stokes 
shift. CdSe nanocrystals exhibit a small Stokes shift (10 nm) while the P3HT polymer 
exhibits a large Stokes shift (120 nm) (Figure 4.1(d)). The Stokes shift observed in CdSe 
nanocrystals is generally considered to result from exchange splitting of the excitonic 
states by electron-hole exchange interaction29. The large Stokes shift of P3HT can be 
attributed to the photoexcitation conformation of polymer, which likely induces 
conformation of P3HT backbone from non-planar flexible ground state, such as distorted 
planar structure, to rigid planar excited state30. 
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Figure 4.1. (a) Schematic of P3HT/CdSe bilayer heterojunction devices (b) energy level 
alignment of active layer components (value for CdSe nanocrystals adapted from 
literature6 for CdSe QD size 2.5-5.5 nm) (c) Normalized UV-Vis absorption spectra of 
CdSe raw film without ligand exchange (black line) and thiocyanate ligand exchanged 
CdSe film (red line). (d) UV-Vis absorption spectra and photoluminescence spectra of 
P3HT (orange lines) and CdSe nanocrystals (raw material without ligand exchange, black 
lines) in film 
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    CdSe nanocrystals of different sizes have been synthesized, followed by thiocyanate 
ligand exchange, and incorporated into the P3HT/CdSe bilayer devices to test the optimal 
size of CdSe nanocrystals. Due to quantum confinement effects, the increase in 
nanocrystal size will decrease the bandgap and extend the absorption to longer 
wavelengths, which increases the total absorption and light utilization. However, as a 
result of narrowing bandgap, the LUMO level of nanocrystal will move deeper in energy 
and reduce the built-in potential, which causes greater energy loss during the exciton 
dissociation process. Therefore, one challenge is to tune the size of CdSe nanocrystals to 
find the optimal trade-off between maximizing absorption and reducing dissociation loss. 
    Figure 4.2(a) shows the UV-vis absorption spectra of CdSe nanocrystals with different 
sizes, controlled by adjusting nanocrystal growth time. The average diameter (D) of CdSe 
nanocrystals was calculated from the first excitonic absorption peak of UV-vis absorption 
spectrum by using the following equation5:  
9 4 6 3
max max
3 2
max max
(1.6122 10 ) (2.6575 10 )
(1.6242 10 ) 0.4277 41.57 (1)
D λ λ
λ λ
− −
−
= × − ×
+ × − +
 
Based on the equation, the average diameter (D) of CdSe nanocrystals was 2.6 nm, 3.8 
nm, 5.2 nm. The optical bandgap of the CdSe nanocrystals are 2.38 eV (2.6 nm), 2.14 eV 
(3.8 nm), and 2.03 eV (5.2 nm), derived from their absorption peak. 
    We then fabricated the bilayer heterojunction solar cells with 
ITO/PEDOT:PSS/P3HT/CdSe/Al device layout using the CdSe nanocrystals of different 
sizes. And the current-voltage characteristics of devices with optimal performance are 
shown in figure 4.2 (d) and summarized in Table 4.1.  
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    The most prominent dependence on nanocrystal size is the short circuit current. It 
increased monotonically from 0.53 mA/cm2 to 3.01 mA/cm2 when the CdSe nanocrystals 
size increased from 2.6 nm to 5.2 nm. The better Isc in larger CdSe nanocrystals could 
mainly be attributed to three reasons: 1) the expanded absorption range (compared with 
2.6 nm nanocrystal, 5.2 nm nanocrystal extend the absorption further, covering 550-650 
nm region), 2) for the same transport distance, less hopping sites are required for the 
electrons to transport from the p-n interface to the metal electrode in the larger 
nanocrystal film, and 3) fewer traps in cells with larger nanocrystals compared with 
smaller nanocrystals - as larger nanocrystal have a smaller surface to volume ratio and 
hence a lower density of surface defects caused by dangling bonds which will act as traps 
and recombination centers for charge carriers that lead to a decrease of photocurrent. This 
hypothesis is also consistent with the decreasing series resistance observed when 
increasing the size of CdSe nanocrystal in the device. (Table 4.1) 
    The open circuit voltage (Voc) decreased from 0.87 V to 0.61 V when the CdSe 
nanocrystals size increased from 2.6 nm to 5.2 nm. The theoretical maximum value of 
Voc is determined by the built-in potential, which equals to the energy difference between 
the HOMO level of the donor and LUMO level of the acceptor31. The decreasing electron 
affinity of the CdSe nanocrystals (acceptor) with larger size reduces the built-in potential 
and increases the energy loss when an electron transfers from the LUMO level of the 
donor (P3HT) to the acceptor (CdSe nanocrystals), therefore reducing the Voc. It is worth 
noting that the differences between Voc for devices based on 3.8 nm and 5.2 nm CdSe 
nanocrystals are fairly small, which could be attributed to the relatively flat size 
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dependence of the LUMO levels of CdSe nanocrystals after 4nm6 when the size of the 
nanocrystal is close to or exceeds the Bohr radius for CdSe.  
    Fill factor (FF) also increased with the increasing size of the CdSe nanocrystals. The 
high fill factor was achieved by reducing the equivalent series resistance (Rs) and 
increasing the shunt (parallel) resistance (Rsh).The series resistance is determined by the 
bulk resistance of the active material and contact resistance between each layer to the 
current flow. The more efficient charge transport of devices based on the larger CdSe 
nanocrystals can reduce the series resistance effectively. On the other hand, shunt 
resistance is a measurement of leakage of current between the two electrodes, which is 
typically dependent on the stacking morphology and sensitive to device fabrication 
condition. So the shunt resistance is likely to be independent of CdSe nanocrystals sizes. 
It is worth noting that most of the devices demonstrate a high fill factor of 0.45-0.60, 
suggesting a balanced hole and electron transport achieved in the devices. If the hole and 
electron transport are unbalanced, either hole or electron accumulation will occur, leading 
to the space-charge limited current, which follows a square-root dependence on applied 
voltage. And in the case with space-charge effects, the fill factor will be smaller than 
0.412, 32. 
    In conclusion, bilayer heterojunction devices based on P3HT and various sizes of CdSe 
nanocrystals have been fabricated using the thiocyanate ligand exchange method and the 
photovoltaic performance of these devices exhibits size dependent behavior. By going 
from smaller (2.6 nm) to larger (5.2 nm) CdSe nanocrystals, the power conversion 
efficiency has been improved from 0.19% to 1.06%, mainly attributed to the increase of 
Isc and FF. The Voc decreases initially with the increasing size but shows size independent 
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LUMO levels after the size increased above 4 nm. We believe that increasing the CdSe 
nanocrystals size to even larger size (5.5-8 nm) will further improve the device 
performance. We have attempted to follow the same ligand exchange process to prepare 
larger CdSe nanocrystal. However, the nanocrystals aggregated and could no longer be 
dispersed into DMF or DMSO. Optimization of the ligand exchange process is still under 
investigation. Modification of ligand exchange process such as adjusting the SCN to 
CdSe nanocrystals ratio or adopting other solvent/ solvent mixture may help to 
incorporate large size CdSe nanocrystals. In addition, solid exchange of the CdSe thin 
film, which does not require re-dispersion of CdSe nanocrystals, may work as an 
alternative solution. For the results discussed in the following Section 4.3.2, CdSe 
nanocrystals with size range 4.6-5 nm (absorption 600-610 nm) were used.    
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Figure 4.2. Effects of CdSe nanocrystal sizes: (a) Normalized UV-Vis absorption spectra 
of CdSe nanocrystals with different sizes (2.6 nm, 3.8 nm, 5.2 nm from bottom to top), 
(b) graph adapted from literature[6], demonstrating size dependent HOMO levels (open 
squares derived from electrochemical characterization and filled squares based on 
photoemission measurements) and LUMO levels (open circles derived from 
electrochemical characterization and filled circles based on photoemission 
measurements) 6, (c) Schematic energy diagram showing the effects of increasing CdSe 
nanocrystal size, (d) Current-voltage characteristics of P3HT/CdSe bilayer heterojunction 
devices with different CdSe nanocrystal sizes (2.6 nm, 3.8 nm, 5.2 nm from top to 
bottom) 
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Table 4.1. Performance parameters of the P3HT/CdSe bilayer solar cells with different 
CdSe nanocrystal sizes, under AM 1.5G illuminations. 
  
 
 
4.3.2 Diffuse Bilayer Solar Cells 
    Compared to bulk heterojunction P3HT:CdSe devices, bilayer structure offers 
advantages of easier, independent optimization of each layer and less recombination 
centers due to well separated donor and acceptor phases. However, bilayer devices 
typically suffer from limited interfacial area and less than optimal exciton utilization rate 
due to short exciton diffusion length (typically smaller than 10 nm for P3HT polymer33). 
To overcome these disadvantages in the bilayer solar cell, we took the advantage of "wet 
deposition" and “simultaneously annealing” of each layer to develop "diffuse bilayer” 
heterojunction device. A similar approach has been reported very recently33, 34 through 
intermixing while fabricating P3HT and PCBM bilayer solar cell with PCBM penetrating 
into the P3HT layer through the P3HT amorphous region. The comparable size of PCBM 
domain and CdSe nanocrystal (2-6 nm) leads to an analogous design in the experiment35. 
The diffuse bilayer structure is conceptually in-between bilayer heterojunction and bulk 
heterojunction, aiming to keep the advantages of both designs, such as large interfacial 
area and separate pathways for opposite charge carriers. An illustration of the device 
CdSe size 
(nm) 
Absorption 
(nm) Isc (mA/cm
2) Voc (V) FF Efficiency (%) Rs 
Ω·cm
2
 
Rsh 
Ω·cm
2
 
2.6 520 nm 0.53 0.85 0.43 0.19 60 4768 
3.8 580 nm 1.76 0.63 0.48 0.53 23 1153 
5.2 612 nm 3.01  0.61  0.58  1.06  12 1395 
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layout is shown in Figure 4.3. For the fabrication process, P3HT was first spincast on top 
of the PEDOT:PSS coated ITO from a high boiling point solvent (chlorobenzene or 
dichlorobenzene). When the film is still wet, a second layer of CdSe nanocrystals in DMF 
was spincast on top of P3HT immediately. Then the devices were annealed together at 
140 ˚C for 10-15 minutes. Partial intermixing and diffusion of CdSe nanocrystals and 
P3HT could be driven by swelling of the wet P3HT film and the following thermal 
annealing process33, 36. 
 
Figure 4.3. Schematic of an organic solar cell device with (a) bilayer heterojunction (b) 
diffuse bilayer heterojunction (c) a zoom-in view of the diffuse (intermixing) layer 
showing CdSe nanocrystals diffuses into P3HT film. 
 
    The bilayer heterojunction solar cells with ITO/PEDOT:PSS/P3HT/CdSe/Al device 
layout have been fabricated with simultaneously-annealing (diffuse bilayer 
heterojunction, CdSe nanocrystals spincast when P3HT layer is wet and both layers were 
annealed together), and compared with devices with separately annealing (bilayer 
heterojunction, P3HT annealed before spincasting of CdSe nanocrystals and each layer 
was annealed separately). The current-voltage characteristics of devices with typical 
performance are shown in Figure 4.4 (c) and summarized in Table 4.2. The best device 
149 
 
based on separately annealing P3HT/CdSe bilayer demonstrated a power conversion 
efficiency of 1.06% with Isc of 3.0 mA/cm2 and Voc of 0.61 V. The best devices based on 
diffuse (simultaneously annealing) P3HT/CdSe bilayer showed a power conversion 
efficiency of 1.31% with Isc of 3.9 mA/cm2 and Voc of 0.59 V, which represents a 24% 
efficiency improvement over traditional bilayer devices using the simultaneously 
annealing technique. Based on the measurements of five different devices made under the 
same fabrication conditions, the average efficiency has been improved from 0.89% 
(bilayer, separately annealing) to 1.06% (diffuse bilayer, simultaneously annealing). 
Breaking down the critical performance parameters, the enhancement in device efficiency 
is mainly attributed to the increased short circuit current. Bilayer solar cells with well-
known pyridine ligand exchanged CdSe nanocrystals and P3HT have also been fabricated 
as a comparison (Figure 4.4 (d) and Table 4.2), which exhibited much lower power 
conversion efficiency than that of thiocyanate exchanged CdSe nanocrystals and P3HT 
bilayer devices due to less optimization and potentially lower electron mobility23. But 
they have also demonstrated the same trend of enhanced device performance using 
simultaneously annealing technique. Based on such comparison, using thiocyanate as the 
ligand exchange material for bilayer CdSe/polymer solar cell is clearly advantageous and 
such wet-deposition/simultaneously-annealing technique can potentially be applied to 
other bilayer solar cell fabrication process as well. 
    To explore the mechanism of increasing photocurrent in diffuse bilayer devices, the 
absorption and photoluminescence spectra of P3HT film, CdSe film and P3HT/CdSe 
bilayer under different annealing techniques were compared. The absorption spectra 
(Figure 4.4(a)) indicate a slightly red-shifted absorption when both films were annealed 
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together, featuring an enhanced shoulder representing the first excitonic peak of CdSe 
nanocrystals. The origin or this phenomenon is not clear at this point. However, we 
hypothesize that depositing the CdSe film on top of the wet P3HT film promotes 
intermixing between the two layers, and the absorption change in each layer (P3HT, 
P3HT/CdSe, CdSe) and reflection at the interfaces changed the spatial distribution of the 
squared optical electric-field strength37 to facilitate the absorption of CdSe nanocrystals. 
Also, the diffused CdSe nanocrystals results in a thicker spatial distribution of 
nanocrytals which could contribute to the increased absorption as well38. For the PL 
spectra (Figure 4.4(b)), the photoluminescence of CdSe film disappeared after the ligand 
exchange possibly due to the insufficient surface passivation which results in the increase 
in the non-radiative decay process through surface defects and/or energy traps39. On the 
other hand, 80% of the P3HT PL signal was quenched in the presence of CdSe 
nanocrystals indicating an efficient charge and/or energy transfer between P3HT and 
CdSe nanocrystals. According to the literature, in the case of CdSe nanocrystals with 
shorter ligand, this process is more likely to be charge transfer dominated40. The slightly 
stronger quench in the diffuse bilayer structure can be the result of intimate contact of 
P3HT and CdSe nanocrystals in the intermixing region, which is consistent with the 
absorption spectra and implies the possibility of better charge transfer, and hence the 
larger short circuit current. 
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Figure 4.4. (a) UV-Vis absorption spectra of pristine P3HT, thiocyanate exchanged 
CdSe, and P3HT/CdSe bilayer film and diffuse bilayer film, (b) The photoluminescence 
(PL) of pristine P3HT, thiocyanate exchanged CdSe nanocrystals, and P3HT/CdSe 
bilayer film, showing strongly quenched P3HT PL in the presence of CdSe nanocrystals. 
PL spectra were measured on a Fluorolog 3 spectrofluorometer (HORIBA Jobin Yvon, 
Ltd.) upon excitation at 450 nm. (c) Current-voltage characteristics of P3HT/CdSe 
bilayer heterojunction devices and diffuse bilayer devices with thiocyanate exchanged 
CdSe nanocrystals and P3HT, (d) Current-voltage characteristics of P3HT/CdSe bilayer 
heterojunction devices and diffuse bilayer devices with pyridine exchanged CdSe 
nanocrystals and P3HT (Bilayer: P3HT annealed before spincasting of CdSe nanocrystals 
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and each layer was annealed separately; Diffuse bilayer: CdSe nanocrystals spincast 
when P3HT layer is wet and both layers were annealed together) 
 
 
Table 4.2. Performance parameters of the P3HT/CdSe bilayer solar cells showing 
simultaneous annealing/wet film deposition effects, under AM 1.5G illuminations. 
 
 
    In order to analyze the contribution of absorption at each wavelength to the 
photocurrent generation, the spectral response/incident photon conversion efficiency 
(IPCE) of the devices as a function of excitation energy was measured (Figure 4.5). From 
the IPCE spectra, the diffuse bilayer device has higher monochromatic external quantum 
efficiency over the entire wavelength range. The biggest enhancement over the bilayer 
device lies in 500-600 nm region, which could be attributed to 1) increased absorption as 
we observed in the UV-vis absorption spectrum, 2) larger donor-acceptor interface and 3) 
decreased “filter effect”41. (The strong absorption of P3HT at 500 nm – 600nm will create 
an exciton generation profile close to the ITO/PEDOT:PSS side and these exciton is 
located out of the diffusion length towards the interface between P3HT and CdSe 
nanocrystals, therefore not contributing to the photocurrent generation. However, the 
diffused CdSe nanocrystals effectively shorten the distance between exciton generation 
Ligand Anneal  Isc (mA/cm2) Voc (V) FF Efficiency (%) 
Thiocyanate 
separately 
Best 3.0 0.61 0.58 1.06 
average 2.7±0.4 0.61±0.04 0.54±0.02 0.89±0.11 
simultaneously 
Best 3.9 0.59 0.57 1.31 
 
average 3.2±0.4 0.61±0.01 0.54±0.03 1.06±0.16 
 separately  0.004 0.71 0.21 0.001 
Pyridine simultaneously  0.036 0.76 0.34 0.093 
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site and dissociation heterojunction interface, thus weakening the internal “filter effects” 
and increasing photocurrent generation.) On the other hand, at shorter wavelength range 
(420-500 nm), the photon conversion efficiency in diffuse bilayer device is also higher, 
which cannot be explained by the absorption. This improvement may be attributed to 
either the reduced “filter effects” or increased interfacial area for exciton dissociation. 
 
 
Figure 4.5. IPCE and UV-vis absorption of P3HT/PCBM diffuse bilayer and bilayer 
devices. (●) IPCE for P3HT/CdSe diffuse bilayer solar cells, (▲) IPCE for P3HT/CdSe 
bilayer solar cells, (●) Absorption for P3HT/CdSe diffuse bilayer and (▲) Absorption for 
P3HT/CdSe bilayer 
 
    AFM characterization of as-spincast (un-annealed) and annealed P3HT films, in the 
absence of CdSe nanocrystals, was performed to explore the morphological difference 
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between the surface and implication of P3HT annealing on the following CdSe 
nanocrystals deposition. As shown in Figure 4.6, the un-annealed film exhibits a 
smoother (RMS 600 pm) surface with larger grain size than annealed film (RMS 1000-
2000 pm). After annealing the polymer P3HT grain elongates in the z-direction. It is 
possible that, after deposition of the second CdSe layer, the CdSe nanocrystals swell the 
P3HT surface and diffuse through the boundary of P3HT grain and then get solidified 
together after simultaneously annealing. It is worth noting that for the annealed film, the 
increased surface roughness and grain boundaries also allow the CdSe nanocrystals to 
penetrate around grain boundaries to a certain extent, which provides a relatively large 
interface (than that of a sharp “real” bilayer) and likely contributes to the decent 
efficiency (0.9%) of P3HT/CdSe bilayer devices even without any intermixing treatment. 
However, AFM measurements did not provide enough structural information in the bulk 
nor interface between the two components after the deposition of CdSe nanocrystals. To 
more directly study the morphology difference between bilayer and diffuse bilayer with 
intermixing layer, cross sectional SEM and EDS mapping was used to characterize the 
interface. However, due to the facility limitation (stage shifting and low resolution), we 
were not yet able to obtain the image of cross-section of layers with good resolution on 
the order of 10s nm. TEM images of the cross-section will be useful to visualize 
morphology of each layer42. X-ray photoelectron spectroscopy (XPS) and Small-angle 
neutron scattering (SANS) together will also provide useful information about the 
relative distributions of P3HT and CdSe nanocrystals throughout the active layer36. These 
techniques require special expertise, and sample preparation skills and will be 
investigated in the future to better understand P3HT/CdSe bilayer system. 
  
Figure 4.6. AFM topography
after annealing: (a) AFM 
un-annealed P3HT film 
height image of annealed P3HT film
±3.45nm). (Scanned sample size 5x5 
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 image and 3-D AFM height image of P3HT film before and 
topography image (b) 3-D AFM height image of 
(z-scale: ±1.55nm), (c) AFM topography image 
 (annealed at 140C for 10 minutes) (z
µm) 
 
as spincast and 
(d) 3-D AFM 
-scale: 
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4.3.3 Inverted Bilayer Solar Cells 
    Previously, the regular device structure of ITO/PEDOT:PSS/P3HT/CdSe/Al was used, 
where PEDOT:PSS modifies the ITO layer and serves as the anode contact, and the low-
work-function metal Aluminum serves as the cathode. This structure is typically not 
stable in the air due to: 1) the low work function cathode oxidizes in air, and 2) the 
thiocyanate ligand exchanged CdSe nanocrystals are air and moisture sensitive. Besides 
measuring it in the nitrogen filled cell and laminating the device with epoxy and cover 
glass to avoid air contact, an alternative method - inverted device structure has been 
explored to overcome the air sensitivity and device instability by modifying the ITO layer 
as the cathode and introducing a high work function anode. ITO has a work function of 
4.5-4.7 eV and lies in between the donor HOMO (5.1 eV) and acceptor LUMO (3.4-3.8 
eV). In principle, it can serve as an anode by modifying the contact with PEDOT:PSS 
deposition (5.2 eV) or cathode by modifying the contact with TiO243, ZnO44, and 
Cs2CO345, which lowers the charge injection barrier and facilitates electron collection at 
ITO electrode. In the inverted structure, the polarity of ITO was altered by depositing 40 
nm TiO2 via Atomic Layer Deposition technique on top of ITO and using it as the 
cathode for electron extraction instead of hole collection as in the regular device 
structure. A high work function metal, such as gold (Au) was used as the anode for hole 
collection. The inverted structure and corresponding band diagram has been shown in 
Figure 4.7(a) and the device layout and band diagram for regular solar cells was included 
as a comparison. In the inverted bilayer solar cells, the high work function top electrode 
(Au) is less air sensitive, which offers better ambient interface. Top Au electrode and 
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donor material (P3HT) can protect the underneath CdSe layer to minimize oxidation of 
the CdSe nanocrystals. 
 
 
 
Figure 4.7. (a) Schematic of CdSe/P3HT inverted bilayer heterojunction devices and 
corresponding energy level alignment, (b) Schematic of P3HT/CdSe regular bilayer 
heterojunction devices and corresponding energy level alignment. Value for CdSe 
nanocrystals adapted from literature6 for CdSe QD size 2.5-5.5 nm, TiO2 modified ITO 
adapted from literature46 and PEDOT:PSS  modified ITO adapted from literature47. 
 
    Prototype devices based on ITO/TiO2/CdSe/P3HT/Au have been fabricated and 
characterized. The CdSe nanocrystal size is about 4.2 nm. The current-voltage 
characteristics of devices with representative performance are shown in Figure 4.8. The 
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device was typically tested every 3 minutes for the first 10-20 minutes and every 10 
minutes after that in air under continuous illumination. Initially, the as-fabricated device 
showed a power conversion efficiency of 0.17% with Isc of 1.12 mA/cm2 and Voc of 0.45 
V. Improvements of Isc, Voc and FF were observed over time when the device was under 
AM 1.5G illumination as shown in Figure 4.8. After 20 minutes – 1 hour of light soaking, 
the increase in photocurrent saturates, and the maximum efficiency reached 0.42% with 
Isc of 2.4 mA/cm2, Voc of 0.55 V and FF of 0.32. Similar behavior has been observed by 
other researchers when fabricating inverted bulk heterojunction solar cells with 
P3HT:PCBM blend and TiO2 modified ITO48-50. The enhancement in photocurrent is 
mainly attributed to the increase of photoconductivity of TiO2 layer and decreased serial 
resistance. It is believed that shallow electron traps exists in TiO2 layer, which serve as 
recombination center and impede electron transfer48, 49. Illumination will generate 
photoexcited electrons to fill these traps. The adsorbed oxygen on the surface (O2-) and 
adsorbed hydroxyl groups from moisture will also contribute to filling the shallow 
electron traps in TiO248, 49. When the traps are filled, photoconductivity of TiO2 layer 
increases and TiO2 layer starts to transport electron efficiently, which explains the 
gradually increasing photocurrent observed under illumination in the I-V characterization 
experiment. By comparing the performance parameters between the regular and inverted 
structure, the main difference is the low fill factor observed in inverted solar cells, which 
is typically around 0.3 while FF in regular devices is around 0.5 or larger. This is most 
likely an indication of unbalanced electron/hole transfer and defects at the interface 
between TiO2 and CdSe nanocrystals51. The optimization of TiO2 layer is critical and still 
under investigation in our lab. In addition, optimizing thickness of each layer and 
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increasing nanocrystal size will also help to improve device performance. Besides 
improving air stability, the inverted structure also provides a convenient way to treat 
CdSe nanocrystal films by solid ligand exchange, which overcomes the precipitation 
challenge when incorporating larger nanocrystals in solution. In addition, P3HT layer 
won’t get affected because P3HT layer is deposited after CdSe deposition and solid 
ligand exchange treatment in the inverted structure. 
 
 
Figure 4.8. Current-voltage characteristics of inverted bilayer solar cells under 
continuous AM 1.5G illuminations. Arrow direction indicates increasing illumination 
time. The typical total soaking time to saturation is 20-40 minutes, data collection 
interval: ~3 min for the first 3 data points and ~10 min for the latter points.  
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4.3.4 Bulk Heterojunction Solar Cells 
    CdSe nanocrystals have also been incorporated into bulk heterojunction solar cells 
using thiocyanate exchange method. The main challenge here is dispersing the CdSe 
nanocrystals in polymer/small organic molecule semiconducting matrix. After ligand 
exchange, thiocyanate capped CdSe nanocrystals will only be dispersible in polar 
solvents, while most popular semiconducting p-type material have poor solubility in polar 
solvents. In order to accommodate the solubility needs for different components, we 
developed a solvent mixture consisting of a good solvent for CdSe nanocrystals 
suspension and a good solvent for the p-type organic molecule. Here we used pentacene 
precursor as the p-type electron donor. CdSe nanocrystals were first dissolved in DMF to 
form a suspension. Then a second non-polar solvent was added into solution slowly until 
CdSe nanocrystals start to precipitate out from the mixture, which determines the 
maximal ratio for non-polar component. In our experiment, CdSe nanocrystals and 
pentacene precursor could be co-dissolved in the mixture of DMF and chloroform (1:1 
volume ratio), which was then spincast as the active layer followed by an annealing at 
200˚C to thermally convert the pentacene precursor to pentacene. Finally, a bulk 
heterojunction layer consisting of dispersed CdSe nanocrystals in pentacene is achieved. 
The current-voltage characteristic of a test device without processing optimization is 
shown in Figure 4.9. It exhibited a low power conversion efficiency of 0.14% with Isc of 
0.55 mA/cm2, Voc of 0.63 V and FF of 0.40. The efficiency is mainly limited by the low 
Isc. Further optimization of nanocrystal to organics ratio and processing condition to 
control film morphology may improve the device performance. 
161 
 
 
Figure 4.9. Current-voltage characteristics of pentacene:CdSe bulk heterojunction solar 
cells under AM 1.5G illuminations. 
 
4.4 Conclusions 
    In Chapter 4, we demonstrated the photovoltaic application of thiocyanate capped 
CdSe nanocrystals in combination with P3HT. Orthogonal solvents were used to fabricate 
solution-processable bilayer solar cells via sequential spincoating. We took advantage of 
quantum confined property of nanocrystals to optimize the short circuit current and open 
circuit voltage and developed the wet deposition/simultaneously annealing method to 
promote intermixing between two components. The devices’ performance improved 
substantially after increasing the size of CdSe nanocrystals and adopting intermixing 
(simultaneously annealing) methods. The device with 1.3% efficiency was achieved after 
optimization. It is worth noting that this is the highest efficiency obtained for P3HT/CdSe 
bilayer solar cells to our knowledge. With the trend of significantly increased short circuit 
162 
 
current upon increasing nanocrystal size, we expect that devices with efficiency over 2% 
are achievable by increasing CdSe nanocrystal size or adopting other nanocrystal shapes, 
such as nanorods or branched nanoparticle. This bilayer approach using the thiocyanate 
ligand exchange method provides a new perspective for the design of organic-inorganic 
hybrid solar cells and also allows investigation and understanding of the role of each 
component and interfaces in a controllable manner, which will benefit the optimization 
and rational device design for bulk heterojunction solar cells. In addition, the bilayer 
sequential fabrication method is useful to be incorporated into multi-layer multiple 
junction solar cells, which is believed to be the most promising approach to achieve high 
efficiency organic solar cell for commercialization. 
For future research to better understand this system, there are two main directions:  
1) Morphological and structural study to understand the intermixing mechanism. TEM 
images of the cross-section shall be taken to visualize morphology of each layer42. The 
resonant soft X-ray reflectivity (RSoXR) can be useful to characterize the interlayer 
diffusion34. X-ray photoelectron spectroscopy (XPS) and small-angle neutron scattering 
(SANS) together will provide useful information about the relative distributions of P3HT 
and CdSe throughout the active layer36.  
    2) Further optimization of interfaces via adjusting process condition and optimization 
of thickness for each layer. For example, solvent or solvent mixture can be carefully 
chosen to better "swell" the P3HT surface to further facilitate the intermixing. And high 
boiling point solvents and slow annealing in solvent vapor can also be used to allow 
sufficient time for interlayer diffusion and polymer self-assembly, which could 
potentially improve device performance. In addition, p-i-n structure could be adopted 
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with a thin layer of P3HT as the hole transport layer, a mixture of P3HT:CdSe diffuse 
layer as intrinsic absorber layer and a highly doped CdSe nanocrystals (indium doped 
CdSe has been proven to successfully shift Fermi energy above trap levels and provide 
bandlike transport in CdSe quantum dot thin-films9) as efficient electron transport layer. 
The relative position of middle absorber can be optimized by controlling the thickness of 
each layer, so as to form optical interference pattern to enhance light absorbance in the 
photoactive region to have better light utilization and reduce recombination loss at 
contacts.   
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